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Abstract: Partial discharge (PD) detection is essential to the operation of high-voltage systems.
In this context, we investigate the basic characteristics of light emission during PDs in SF4 gas from
the perspective of insulation diagnosis. A synchronous system is constructed using three optical
photoelectric instruments with separate wavelength responses in the ultraviolet (UV, 189-352 nm),
visible (VIS, 381-675 nm), and near-infrared (NIR, 737-920 nm) spectral ranges and a wide-band
PD current pulse detector with a response of 1 pC. The results indicate that light emission depends
upon the type of insulation defect and discharge energy. An increase in PD charge gives rise to
more components in the spectral range from UV to VIS, and the presence of an insulator surface in
discharges yields a more complex VIS-to-NIR spectrum. The phase-resolved partial discharge pattern
(PRPD) of UV light pulses can reasonably reflect the electroluminescence process in the presence of
the insulator surface and weak corona at negative voltage points. The PRPD of VIS light describes the
features of the actual PD pattern in most cases. In comparison with the other two spectral ranges, light
intensity in the VIS range is more sensitive to changes in gas-pressure-normalized voltage (Vs /p).
The linear fitting analysis of the relationships between the light intensity and PD charge shows that
UV light detection has a greater sensitivity to the PD charge and that UV detection exhibits a greater
degree of linearity. NIR detection is applicable only to severe PDs. We believe that our findings can
significantly aid in application of optical PD diagnosis in SF¢ gas insulated systems.

Keywords: partial discharge; optical diagnosis; phase-resolved partial discharge; SFg;
gas insulated switchgear

1. Introduction

Electrical discharges occurring in dielectrics are always accompanied by light emission, which
allows us to determine the morphologies of the discharges and even examine the mechanisms
underlying the various types of discharges [1-3]. Partial discharge (PD) is a common insulation
problem caused by local enhanced electric fields in different insulation media (gaseous, liquid,
solid, or compound media) [4]. With regard to enclosed-type high-voltage equipment, the reliability
of the dielectric insulation inside is severely degraded in the presence of continuous PDs activity.
At present, three types of PD measurement methods have been explored based on various physical
phenomena: ultra-high frequency (UHF) method [5-8], acoustical wave method (AE method) [8-10],
and circuit-coupled current pulse method (IEC 60270 method) [11]. Apart from EM radiation,
mechanical waves and current flow, the radiation originating from a PD source is another nature
that can be detected. With evolution in optical technologies, optical PD detection can be used as
not only an ancillary means in laboratory studies but also renders its considerable potential in PD
diagnosis of actual power equipment such as gas-insulated switchgear/transmission lines (GIS/GILs)
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and oil-insulated transformers while offering the advantages of EM-interference-free operation and
adjustable gain. Micro-optical sensors and fluorescence fibers that can be installed inside equipment
have shown great application potential in this regard [12,13]. For PDs occurring in SFs-gas-insulated
systems, light is produced as a result of various ionization, excitation, and recombination processes
occurring during corona in SFg with its characteristic spectrum. Though corona discharge in pure SFq
occurs over a narrow spectral range due to the small excitation cross-section [14], it can be still detected
over a wide EM spectrum from the ultraviolet (UV) to the near-infrared (NIR) ranges depending upon
the discharge energy [15]. The presence of trace amounts of impurities, such as air and nitrogen, and
the structural nature of the electrode can yield more complex spectra [16,17]. At present, the statistical
characteristics of light emission pulses, relationship between light intensity and PD magnitude, and
the discharge characteristics in different spectral ranges are not clear. Neither the influence of the
response range of detection nor PD characterization based on optical detection have been investigated
experimentally. Consequently, in this study, optical PD detection is performed for artificial defects
in SF4 gas atmosphere by utilizing the phase-resolved partial discharge (PRPD) approach, which is
a popular tool for conventional PD detection analysis. The results in the UV, visible (VIS), and NIR
spectral ranges for different types of defects are separately obtained. This work can potentially provide
references for the selection and optimization of sensors and a possible approach for PD diagnosis
based on optical methods.

2. Experimental Details

2.1. Artificial Defect Models

Three artificial defect models were developed to simulate PDs occurring at a protrusion fixed on
a conductor, a suspended metal particle, and local enhanced field along the surface of the insulator, as
shown in the experimental setup in Figure 1. The electrodes containing artificial defects were made
of TU2 copper. The distance between the PD source and the light detection window was 155 mm.
The influence of the electrode material on the PD is not discussed in this work. The artificial defect
was set in a test chamber constructed of Crl8Ni9Ti stainless steel that could withstand gas pressures of
50 Pa—0.6 MPa and applied voltages up to 150 kV (50 Hz AC). The chamber had four optical windows
constructed of synthetic fused silica glass (above 85% transmittance from 175 nm onward and 90%
from 220 nm onward). Three windows were utilized for light detection via photomultiplier tubes
(PMTs), with the fourth being used for spectrum measurement.
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Figure 1. Configurations of partial discharge (PD) defect models. (a) Metal needle in uniform
background field; (b) Floating-potential metal electrode; (c) Metal particle with 10 pm radius fixed on
insulator surface in contact with upper electrode. All the metal electrodes were made of copper (TU2)
except for the stainless steel (Crl8Ni9Ti) needle electrode.



Energies 2016, 9, 152 3of 15

2.2. Optical and Current Measurement System

We constructed a synchronous measuring system comprising a PD current pulse current detection
setup and a light emission detection system, as shown in Figure 2.
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Coupling

Osciiloscope

Figure 2. Configuration of synchronous measuring system used in the study.

PD current pulses were coupled to a wideband current transformer (Pearson 6585, 400 Hz-200 MHz)
around the ground wire. By means of calibration, we ensured that PD detection system could respond
to PD current pulses with magnitudes above 1 pC. Because the pulse duration was of the order of only
several nanoseconds and also because light emission from a single PD was very faint, the transient
spectrum could not be properly measured within the limits of the response speed and sensitivity
of the optic spectroscope used. Thus, instead of obtaining the transient spectrum of a single PD,
we measured the integral spectrum of continuous PDs over several minutes. This approach can
lower the requirement on the response rate of optical signal processing. A fiber-optic spectroscope
(StellarNet) with a wavelength response of 200-1150 nm was employed to analyze the PD emission.
To improve the receiving efficiency, a collecting lens aimed at the PD point was installed outside the
quartz glass window in the test chamber. A 19-core optical fiber (200-1100 nm) was used to transfer
the light from the collecting lens to the spectroscope. Three identical photomultipliers (PMs, Zolix.
S1-CR131) with a flat response range of 180-920 nm were installed behind three different optical glass
filters to detect the emitted light pulses in the UV, VIS, and NIR spectrum ranges. To eliminate the
differences in light intensities of PDs caused either by the light propagation and or by the intrinsic
sensitivity, the gain of each PMT was adjusted respectively via controlling the operation voltage of PMT.
The actual transmittance curves of the glass filters are shown in Figure 3. The three light outputs from
the PMs and the PD current output were transferred to a high-speed data acquisition card controlled by
a personal computer. A 50-Hz transformer with a maximum voltage output of 150 kV was employed
as the high-voltage power supply. A coupling capacitor of 1500 pF was connected in parallel with the
test chamber.
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Figure 3. Transmittances of light filters used in the measurement setup. The solid lines are
the experimental results and the dotted curves are calculated equivalent responses of the three
spectral detections.

In order to address the influence of different types of light losses on account of utilizing different
glass filters on the experiment results, the actual intensities of the light emitted by the PDs and the
actual response wavelength range should be determined prior to analysis. By means of numerically
solving Equation (1) below, the equivalent lower and upper limits of the response wavelength can
be estimated.

Too - (llower - lupper) = féhmit T(l) dl = A
T(lupper) = 0.707Tyy ,  for UV

T(lLigwer) = 0.707Tay ,  for NIR

T(Liower) = T(lupper) = 0.707Ta, ,  for VIS

)

here, I represents the wavelength, and the transmittance, T, is a function of the wavelength, i.e., T(l).
Further, T,, represents the average transmittance, and ;e and I;pper the lower and upper limits of
the response wavelength, respectively. Further, /;;,,;; denotes the maximum response wavelength of the
optical sensor. The area below the transmittance curves as shown in Figure 3, which can be calculated
by integrating T(I) from O to [;;;,;;. The detected light intensities in the UV, VIS, and NIR spectrum
ranges were multiplied by the correction factor (k) (Equation (2)) to eliminate the influence of the glass
filter on the transmittance. Owing to technical constraints, there were certain blind or overlapping
regions such as the wavelength ranges of 300425 nm and 675-740 nm.

1

k= —
T{ZU

@

The lower and upper limits of the response wavelength and the correction factor for each optical
spectrum are listed in Table 1.

Table 1. Calculated results of lower (I1,.r) and upper (I;;pper) response wavelength limits and correction

factor (k).
Parameters UV Range VIS Range NIR Range
Lower~lupper 189 nm~354 nm 381 nm~675 nm 737 nm~920 nm
k 2.701 1.059 1.038
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3. Results and Analysis

3.1. Spectra of Different Types of PDs at Various Voltage Levels

First, the spectrum of the PD radiation in SF4 and its variation with various defects and discharge
energy require to be determined for the application of the optical method in PD detection. In actuality,
the optical spectrum covers the UV, VIS, and the IR ranges. The spectrum varies with changes in the
discharge energy driving different discharge types, which are determined by the gas condition and
applied electric field, and it is also influenced by the interface lying along the discharge path in the
presence of the insulator surface. The resulting optical spectrum depends on sensor parameters such as
the UV corona scope, night vision, fluorescent intensifier, and other photoelectric devices. In this work,
the variations in the UV, VIS, and NIR spectra are discussed based on the PD current measurement.
The gas pressure of SF; was 0.2 MPa.

Figure 4 shows the PD currents and corresponding spectra triggered by the fixed protrusion.
The PDs begin with a small magnitude and exhibit frequent recurrences over the negative half-cycle
when the applied voltage slightly exceeds the PD inception voltage (PDIV), as shown in Figure 4a.
The integral spectrum light emitted from the point of negative potential within 3 min was mainly
distributed in the wavelength range from 300 nm to 500 nm. The three characteristic peaks observed
in the range from 340 nm to 400 nm were attributed to emission from the nitrogen from residual air
molecules. Trace amounts of nitrogen can significantly influence the spectrum response, as has been
reported in the literature [16,17]. With increase in the applied voltage, more discharges appear in the
positive half-cycles with greater magnitudes, which corresponds to an increase in intensity at 500 nm
as well as 580 nm and in the NIR range.
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Figure 4. Partial discharge (PD) currents and integral spectra corresponding to PDs triggered by the
fixed protrusion under different applied voltage levels. (a) PD current under applied voltage of 35kV;
(b) PD current under applied voltage of 48kV; (c) PD light spectra under different applied voltages.

The PDs triggered by the floating particle exhibit two phases with increase in applied voltage.
At relatively low applied voltages, the PDs initially occur along the side of the floating electrode that is
closer to the upper electrode. In this stage, the PD series is manifested as several PDs with constant and
large magnitudes of 500 pC, followed by several PDs with considerably smaller magnitudes, as shown
in Figure 5a. The former PDs are generated by partial-breakdown sparks in the small gap between
the floating particle and the upper electrode and the latter are composed of weak continuous corona
generated on both sides of the particle. In our study, owing to the polarity effect, the abovementioned
PD series was firstly observed in the negative half-cycles and then in the positive ones as the applied
voltage increased, as shown in Figure 5b. In this case, the influence of the applied voltage level on the
light spectrum was similar to that in the case of the protrusion. The spark discharges driven by different
mechanisms from the faint corona resulted in more complex spectral lines in the range of 600-695 nm.
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This result has also been reported in the literature [15] via rapid spectrum measurement. The result
has been attributed to light emission originating from certain dissociation reactions involving fluorine
based on the assumption that the electrons involved in streamer-like discharges may have obtained
energies above 14 eV to excite fluorine.
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Figure 5. Partial discharge (PD) currents and integral spectra corresponding to PDs triggered by the
floating particle under different applied voltage levels. (a) PD current under applied voltage of 35kV;
(b) PD current under applied voltage of 45kV; (c) PD light spectra under different applied voltages.

With respect to PDs generated by a particle on the insulator surface, more specific light emission
processes are involved in surface discharges. In particular, electroluminescence (prior to gas ionization)
caused by electron-hole recombination and collision excitation by energetic charge carriers under high
electric fields [18] and the degradation of the material during surface discharges make the spectra
more complex. The spectrum lines at 425, 505, and 590 nm in the integral spectrum response obtained
for 3 min were made by the light emission due to the former process, as shown in Figure 6. Insulation
degradation may be accelerated on account of the increase in the number and magnitudes of PDs
occurring within both polarity cycles with increase in the applied voltage, as shown in Figure 6a,b.
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Figure 6. Partial discharge (PD) currents and integral spectra corresponding to PD triggered by
a particle on the insulator surface under different applied voltage levels. (a) PD current under applied
voltage of 28kV; (b) PD current under applied voltage of 45 kV; (c) PD light spectra under different
applied voltages.

In general, the applied voltage level affects the spectrum via variation in the type of discharges
from unipolar to bipolar and the discharge energy from faint to intensive. In our study, no obvious
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differences in the distributions of the spectra were observed for various gas pressures ranging from
0.1 MPa to 0.3 MPa.

3.2. PRPD Analysis of Light Pulses in UV, VIS, and NIR Spectral Ranges

The influence of the spectrum response of the optical sensor on light detection and diagnosis
cannot be ignored because the relationship between the photon number and the PD charge varies over
different spectral ranges. In this section, we discuss the statistical characteristics of the light pulses
emitted by PDs in the UV, VIS, and NIR ranges by means of studying the corresponding PRPD patterns
and the influence of the response spectrum on the PRPD.

The PRPD distributions (®—g, ®-N) of the PD current and light in the UV, VIS, and NIR spectra
corresponding to PDs triggered by the fixed protrusion are described by exemplifying the results
for two levels of applied voltages, as shown in Figure 7a,b, which depict the typical patterns at the
inception of the PD and the verge of breakdown. The distributions of light pulses in the three spectra
are consistent with those of the current pulses in terms of outline and quantity. For the UV results,
the light pulses in the positive half-cycles could hardly be detected at relatively low voltages even
when positive-point PDs of large magnitudes frequently occurred. On the contrary, the positive-point
PDs emitted significant amounts of light in the VIS and NIR ranges, thereby indicating VIS and NIR
sensitivity to positive-point PDs, particularly when the applied voltage increased. Very few light
pulses in the NIR range were observed in the negative half-cycles over the entire range of applied
voltage level.
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Figure 7. Phase-resolved partial discharge (PRPD) patterns ($—q, ®-N) of partial discharge (PD)
current pulses and light pulses in UV, VIS, and NIR ranges for PDs triggered by the protrusion fixed
on the electrode. (a) PRPD results at applied voltage of 35 kV (1.2 PDIV); (b) PRPD results at applied
voltage of 45 kV (1.5 PDIV). The gas pressure was 0.2 MPa, and the measurement duration was 2 min
for each case.

The PRPD patterns of the PD current pulses and light pulses induced by the floating particle are
shown in Figure 8. PDs with large and nearly constant magnitudes are caused by the spark breakdown
in the gap between the upper point of the floating particle and the plate electrode as the potential drop
along the gap recovers to the critical value of the spark breakdown in SF4 gas. This type of PD can
be detected in all the three spectrum ranges with different magnitudes. The PD exhibits more light
emission in the VIS range than in the UV and NIR ranges. It is to be noted that during PDs of large
magnitudes up to 1.0 nC, some continuous faint corona discharges also occur on both sides of the
floating particle following the PDs, as mentioned in Section 3.1. This type of PD was observed only via
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UV-light-pulse detection. Therefore, the distributions of the UV light pulses during the entire range of
applied voltage level exhibited a dispersed emission pattern instead of intermittent emission.
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Figure 8. Phase-resolved partial discharge (PRPD) patterns (®—q, ®-N) of partial discharge (PD)
current pulses and light pulses in the UV, VIS, and NIR ranges for PDs triggered by the floating
electrode. (a) PRPD results at applied voltage of 35 kV (1.2 PDIV); (b) PRPD results at applied voltage
of 45 kV (1.5 PDIV). The gas pressure was 0.2 MPa, and the measurement duration was 2 min for
each case.

With respect to PDs triggered by the particle on the insulator surface, discharges occurred along
both the gas path and the surface, giving rise to complex PRPD patterns. In general, more light pulses
were detected in the VIS spectrum range, particularly when the applied voltage was small. The light
intensity detected in the NIR range remained unchanged at a relatively low value with increase in the
applied voltage.

Table 2 lists the overall comparisons of the PD charges, relative light intensities and the pulse
number in each case based on the statistical results shown in Figures 7-9.

Table 2. PD charge (g, pC), relative light intensity (/, a.u.) and pulse number (N, min~!).

Defects Protrusion Floating Potential Surface Defect
Parameters q/1 (pCla.u.) N/min q/1 (pCla.u.) N/min g/l (pClau) N (min—)

Current 26.3 3852 692.5 5401 59.9 4330

uv 0.52 1705 4.6 1455 0.71 1743

12PDIV VIS 0.82 2312 5.22 2152 1.03 3470
NIR 0.18 903 2.13 750 0.28 784

Current 31.41 7965 813.4 6222 97.2 4555

Uv 0.73 3761 5.13 2305 0.93 3421

L5PDIV VIS 0.87 3310 6.17 3951 179 4073

NIR 0.29 1033 2.65 1013 0.78 2344
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Figure 9. Phase-resolved partial discharge (PRPD) patterns (®—-q, ®-N) of partial discharge (PD) current
pulses and light pulses in UV, VIS, and NIR ranges for PDs triggered by a particle on the insulator
surface in contact with electrode. (a) PRPD results at applied voltage of 25 kV (1.2 PDIV); (b) PRPD
results at applied voltage of 35 kV (1.5 PDIV). The gas pressure was 0.2 MPa, and the measurement
duration was 2 min for each case.

3.3. Variations in Light Intensity of PDs with Increasing Voltage

Apart from the attenuation of light intensity during propagation caused by the absorption of SFg
gas, photons were emitted during the processes of ionization, attachment, and recombination [19],
and this was determined by the electron energy distribution. With respect to PD diagnosis based on
light detection, the integral intensities of the light emission detected in different spectral ranges can be
investigated as a function of applied voltage, which can aid in understanding the effectiveness of the
different optical detections in detecting PDs with different electron energy distributions. In the present
work, the relative light intensity was obtained via Weibull probability analysis [20], (Equation (3)), and
the RMS value of the applied voltage was normalized by the gas pressure.

In(—In(1 — F(1))) = Blnl — Blnly 3)

here, F represents the probability as a function of the light intensity /, which can be obtained by using
the empirical Equation (4) with experimental data. Further, the shape parameter 3 and light intensity
Iy can be estimated by the linear fitting of Equation (3) [20].

i—0.5

F(l) = —
)= 025

@)
here, i denotes the number of data points less than I and # the total number of data points.

Figure 10 shows the Weibull light intensities of the three spectral ranges as a function of the
gas-pressure-normalized applied voltage. In the case of the protrusion, the light intensities generally
increase with increasing Vs /p, particularly for the UV and VIS ranges. For the VIS light intensity,
there is a dramatic increase in the Vs /p region from 0.179 to 0.198, as can be observed in Figure 10a.
This dramatic increase corresponds to the instant when the PDs begin to form in the positive half-cycles
with increasing voltage. The large-magnitude positive PDs contribute to newer components in the
VIS spectrum, thereby leading to increase in intensity. This result can also be proved via the spectrum
analysis provided in Section 3.1. This kind of increase in the VIS light intensity can also be observed
in the case of PDs induced by the particle on the insulator (Figure 10c). For the NIR case, the light
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intensity changes slightly with increase in Vs /p because there is very little emission in the NIR range,
and it remains unchanged over the entire range of V,s/p investigated. With regard to the case of
the floating metal particle, two dramatic surges in the intensity are observed in the Vs /p ranges
of 0.146-0.165 and 0.179-0.185, as shown in Figure 10b. The first one is caused by the inception of
the positive-point-induced spark discharges in the negative half-cycles, and the second is due to the
inception of the negative-point-induced spark discharges in the positive half-cycles. In comparison
with the VIS light intensity, the intensities of the UV and NIR emissions increase slowly with increasing
Vims/p. In general, the light emission from the PDs in the floating particle case in all the three spectral
ranges was considerably more intense than those of the protrusion case. For PDs occurring along the
insulator surface, both the VIS and NIR intensities exhibited an obvious increasing tendency with
increase in Vs /p. These results are attributed to new spectrum components in the VIS and NIR
ranges arising due to the presence of the insulator surface with increasing discharge energy.
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Figure 10. Variations in light intensity with increasing voltage. (a) Protrusion fixed on conductor;
(b) floating metal particle; (c) metal particle on insulator surface.

3.4. Relationship between Light Intensity and PD Charge

The pulse current measurement approach is the only method that enables quantitative evaluation
of the severity of PDs triggered by defects. This is because the apparent PD charge (or PD magnitude
detected via pulse current measurements as defined by the IEC 60270 standard) is in proportion to
the actual charge released by the PD event even though the scaling factor cannot be obtained for an
insulation system with unknown defects. The linearity of optical detection with PD severity requires
to be investigated because it affects the characterization of PDs. In this work, the intensities of the
light pulses in the three spectral ranges were compared with the PD current magnitudes by means of
simultaneous measurement to investigate their relationships for the three types of defects (Figure 11).
By means of recording the magnitudes of the light pulses and the corresponding magnitude of the
current pulses simultaneously, we performed a statistical analysis of the relationships between these
two parameters.

PD current
: L
o
(=3
e LWJ
| ! I
VIS light
|
©
o
- L e
UV light
5
©
=3 O, ST WU | e
L P T WM gy Ve ¥
NIR light
5
] -
e " fo
S Sie . oy "
1 1 1 1 1 ] 1 1 1 ]

Figure 11. Partial discharge (PD) current and VIS, UV, and NIR light-pulse intensities induced by the
protrusion defect in 0.15-MPa SFq gas at an applied voltage of 1.3 PDIV. PD current was measured by
means of a current transformer, and light pulses were measured by means of a photomultiplier tube.

The distributions of the relative light intensities in the three spectral ranges as functions of the
PD charge were redrawn with a unified scale, as shown in Figure 12. Here, we remark that sensitivity
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and linearity form the two important factors for optical PD detection. In this context, linear fitting
was directly applied to describe the relationships between the light and current signals (Equation (5)).
The slope (A) and intercept (B) of the fitting line were used to describe the sensitivity of the optical
detection. The standard error (SE) and adjusted R? value were used to characterize the degrees of
linearity and dispersion, respectively. The fitting lines for the different cases are shown in Figure 12.

Light intensity = A - PD charge +B ®)

The parameters of linear fitting used for examining the relationships between light pulses and
current pulses of PDs in different cases are summarized in Table 3. The table entries indicate that in
both the positive and negative half-cycles, the VIS optical detection exhibited high sensitivity to PDs,
as reflected by the relatively large slope and intercept values of the fitting line regardless of whether PDs
occurred at the SF¢/electrode interface (protrusion and floating particle) or SF¢/electrode/insulator
junction. As regards UV detection, in most cases, a large linearity was observed with respect to the
VIS and NIR detection cases, as reflected by the smaller SEs and the adjusted R? value tending closer
to 1. As regards NIR optical detection, the sensitivity to PD charge was smaller, and a relatively large
dispersion was observed in the fitting. Most of the light-pulse data points were distributed in the
high-PD-magnitude region.
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g Negative NIR pulse|
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s
E 3p
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Figure 12. Relative light intensities as function of PD charge. (a) Metal needle in uniform background
field; (b) floating-potential metal electrode; (c) metal particle on insulator surface.
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Table 3. Parameters of linear fitting for relationships between light pulses and current pulses of PDs.

Parameters (x2.71) (x1.07) (x1.04) (x2.71) (x1.07) (x1.04)
UV(Pos.) VIS(Pos.) NIR(Pos.) UV(Neg.) VIS(Neg.) NIR(Neg.)

Protrusion fixed on conductor
Slope (A) 0.01545 0.01934 0.01045 0.02107 0.03632 0.01243
SE of slope 1.1503 x 1074 1.3928 x 104 1.5638 x 104 2.4230 x 104 6.0850 x 104 7.1965 x 1074
Intercept (B) —0.78446 0.37129 —0.91569 —0.0826 —0.23616 —0.77071
SE of intercept 0.02437 0.02773 0.03267 0.01471 0.04821 0.0706
Adj. R? 0.92894 0.92812 091717 0.92713 0.84403 0.6619
Floating metal particle
Slope (A) 0.00421 0.01492 NA 0.01526 0.01164 0.00445
SE of slope 1.0281 x 10~* 1.8394 x 10~* NA 1.3002 x 104 9.2958 x 10—+ 1.0215 x 10~*
Intercept (B) —-1.91923 —7.03019 NA —4.94672 —2.0805 —0.72326
SE of intercept 0.09865 0.17157 NA 0.09282 0.07782 0.08868
Adj. R? 0.83807 0.81718 NA 0.94679 0.95039 0.77994
Metal particle on insulator surface
Slope (A) 0.01425 0.0101 0.0106 0.01162 0.0084 0.00916
SE of slope 0.980 x 10~* 1.0698 x 10—+ 22567 x 10~* 1.3625 x 107+ 24575 x 10~* 4.0147 x 10~4
Intercept (B) —0.04054 0.15505 —1.45566 0.02857 0.04161 —1.45239
SE of intercept 0.01724 0.02255 0.06269 0.02266 0.03706 0.11251
Adj. R? 0.95366 0.87394 0.82451 09112 0.75336 0.62311

Pos. = positive half cycle; Neg. = negative half cycle; Adj. R?> = Adjusted R?.

4. Conclusions

In this study, we realized the optical detection of PDs triggered by three typical artificial defects
in SFq gas in the UV, VIS, and NIR spectral ranges. The PD light pulses were analyzed statistically via
PD current measurements. The following conclusions can be drawn from our results.

PDs occurring at the interface between SF¢ and the electrode (fixed protrusion and floating
particle) began with negative point with light emission spectra ranging from UV to VIS, and a majority
of the spectral components was due to emission from the nitrogen of air impurities present in the
gas. More discharges independent of the impurity influence were observed in the positive half-cycle,
resulting in spectral expansion up to the NIR range. With regards to PDs formed at the triple junction
of SF¢ gas, the electrode, and the insulator, certain spectrum lines in the VIS range were observed prior
to PD inception, which was caused by electroluminescence. The spectral complexities of the VIS and
NIR ranges increased in the presence of the insulator surface.

The light emission induced by PDs in SF¢ gas depends upon the discharge energy, discharge
interface, applied voltage polarity, and gas pressure, which eventually led to inconsistencies
of the results with respect to current pulses in terms of outline and magnitude in the PRPD
patterns. In general, the PRPD of UV light pulses yielded a pattern covering very weak negative
electroluminescence, corona, and PDs. The PRPD of VIS light accurately depicted the actual features
of the current PD pattern in most cases. The NIR-PRPD was relevant for severe PDs only.

Our Weibull probability analysis indicated that the light intensities increased with increasing
applied voltage. The observed drastic increases in the VIS intensity were due to the initiation of
PDs in the positive half-cycles with increasing Vims/p, resulting in the generation of new spectral
components in the VIS spectrum, thus yielding an increase in intensity. For the NIR emission induced
at the SFy/electrode interface, the intensity changed slightly with increase in Vims/p because the
NIR emission component was small, and it remained unchanged over the entire range of Vims/p
investigated. For PDs occurring along the insulator surface, the NIR spectrum exhibited an obvious
increasing tendency with increase in Viys/p.

Our linear fitting analysis on the relationships between the light pulses and current pulses of PDs
in different cases indicated that VIS optical detection exhibited high detection sensitivity regardless
of whether PDs occurred at the SFy/electrode interface (protrusion and floating particle) or the
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SFg/electrode/insulator junction (particle on surface). In most cases, UV detection exhibited greater
linearity with respect to VIS and NIR detection.

We believe that our findings can significantly contribute to optical partial discharge diagnosis of
high-voltage systems.
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