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Photon count technique as a potential tool for insulation micro-
defect detection: Principles and primary results
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ABSTRACT

The requirements for the construction of a new power system inevitably pose significant challenges and changes to the operation
and maintenance of the power grid. To ensure the safe and stable operation of ultra-high voltage (UHV) transmission equipment,
this work reports on the principles and preliminary results of using electroluminescence (EL)-based photon counting (PC) methods
for early detection of micro-defects in GIS/GIL insulation spacer. In this study, the impact of voltage, gas pressure, and gas composition
on the photon response of insulation is examined. Furthermore, the corresponding relationship between defect status and photon
response characteristics is explored, along with the discussion of the EL mechanism and its evolution induced by defects. The
research results demonstrate that PC measurement exhibits high sensitivity to variations in millimeter-scale defect size, position,
and morphology at lower electric fields before partial discharge (PD) initiation. With this regard, this paper reveals promising

prospects for the early detection of micro-defects in UHV transmission equipment using PC measurement-based methods.
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ith the aim of substantially elevating the transparency
Wlevel of ultra-high voltage (UHV) transmission networks

and augmenting the quality and efficacy of energy pro-
visioning, the imperative of performing online state monitoring
and diagnosis on critical UHV equipment has intensified. The
broad application of epoxy-based insulating materials in gas-insu-
lated equipment stems from their exceptional electrical and
mechanical properties™”. Nonetheless, the presence of diverse
defects in the internal epoxy-based insulation components of
GIL/GIS arises from a myriad of influencing factors, which result
in the unexpected diagnosis of the equipment®”. The precise
detection of incipient insulation flaws has, therefore, emerged as a
subject of extensive scholarly interest®*.

During insulation-charged operation, defects cause local electric
field distortion”. When the electric field is strong enough to
induce local breakdown near the defect, partial discharge (PD) will
be triggered. At present, the prevailing method for defect detection
and fault diagnosis involves analyzing diverse forms of PD
signals®". However, micro-defects or the early stages of defect
development may exhibit insufficient local field intensity to trigger
PD. By the time obvious PD is observed, the insulation degradation
has reached an irreversible phase. Findings demonstrated that,
preceding PD initiation, charge carriers injected into the internal
structure of insulating materials undergo migration under AC
voltage excitation, and some of these carriers are captured by
physical traps, thereby forming space charges™*”. Upon polarity
reversal, newly injected charges combine with trapped carriers,
leading to the emission of photons through radiative transitions,
which manifests as electroluminescence (EL)™. An alternative
explanation for EL activation under AC stress is offered by the
double injection model™. The occurrence of EL in insulation pro-
vides evidence for the existence of latent harmful excited states.
The surplus energy within systems can be dissipated through
degradation pathways, thereby paving the way for chemical

degradation processes™. Thus, the EL phenomenon activation
preceding the initial occurrence of PD is considered a significant
hallmark of the onset of insulation degradation. In the previous
work, the insulation pull rods used in GIS with surface scratches
were utilized to verify the sensitivity and feasibility of the photon
counting (PC) technique for mico-defect detection. The prelimi-
nary PC results show a positive correlation with the growing
defect size, also, the potential theory to understand how defects
promote the PC results is discussed. However, the recorded photons
originated from both EL (occurs in insulation) and ionization/PD
(occurs in surrounding air), it is, thus, hard to examine the EL
property under the impact of various defects.

Given this issue, a comprehensive analysis of the micro-defect
detection of epoxy-based insulation is carried out using PC.
Firstly, specimens containing surface scratches, attached metal,
and metal particle defects were fabricated. Subsequently, the photon
response was systematically explored under various measurement
conditions, encompassing pressure levels, gas categories, and
applied voltages. Building upon this foundation, the mechanism
of EL induced by defects and its nuanced influencing factors were
examined based on the PC data acquired prior to the PD incep-
tion. Significantly, the findings highlight the profound impact of
alterations in the defect state of specimens on the observed photon
emission phenomena. Leveraging qualitative analysis, the correla-
tions between the PC data and underlying defect characteristics
can be established. Consequently, this investigation offers promis-
ing avenues for the detection and characterization of insulation
defects in practical applications.

1 Experimental configuration and defect insula-
tion specimen

Under AC voltage, the luminescence is constituted by the EL
components (from insulation) and ionized components (released
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by recombination or PD of the ionized air near the insulation
defect)!”. However, the intensity of EL is at least two orders of
magnitude smaller than that of the light generated by very small
(<1 pC) PD"™. Thus, discharges have to be avoided in the ambient
and this is affected by increasing the pressure in the chamber to
increase the discharge inception voltage™.

To confirm the impact of pressure and category of ambient gas
on the PC, the air, N,, and SF with 0.1 to 0.3 MPa are sequentially
utilized. The photon counting is achieved via H8259-01 (Hama-
matsu), and the working principle is shown in Figure 1(a). Also,
the measurement platform is shown in Figure 1(b), 3 and 6 kV
AC voltage with 50 Hz is used, respectively. An experimental cell
is used to arrange the insulation specimens, a UHF sensor aims to
confirm the inception voltage of PD, the signal acquisition card
(PicoScope2000, with a sampling rate of 100 MS/s to 1 GS/s), and
apersonal computer is applied for recording the data. The mea-
surement device and experimental setup are assigned in a light-
tight condition inside an electromagnetic shielding room, with a
dark count of less about 30 per second (pes) in SF,.

In this work, alumina-doped epoxy resin is utilized to manu-
facture the shrinkage model for insulation spacer with the same
physical dimension (height: 26 mm, diameter: 98 mm). The surface
scratch (the length are 3, 5, and 7 mm, the width and depth are
about 0.2 and 0.3 mm, the estimated volume are 0.18, 0.3, and
0.42 mny’), attached metal (same metal spikes, with a diameter of
1.0 mm and a length of 15 mm) with a different distance from
metallic conductor (0, 15, and 30 mm), and metal particle (block
particle with 0.5 and 1 mm diameter, 1.0 mm sphere particle)
defect are artificially assigned in these specimens, as illustrated in
Figure 1(c).

2 Measurement results and analysis

2.1 Impact of voltages on PC results

PC measurements were conducted on defect-free insulation spacers
exposed to different environments (air, N,, and SFy) at 0.1 MPa.
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The samples were subjected to step-up AC voltage (0, 3, 6 kV) for
800 seconds per stage. The presence of abundant residual space
charges on the spacer surface led to turning direction and interfacial
polarization under DC voltage, presenting as a decay followed by a
stable curve in the photon counting spectrum®. However, the
interfacial polarization process failed to complete within the cycle
under 50 Hz AC voltage. To mitigate this, a prolonged withstand
voltage (2000 s) was applied, incorporating charge injection and
recombination mechanisms to deplete the residual space charges
on the spacer surface, resulting in a stable emission curve with the
average PC results for each excitation stage.

Analysis using an ultrahigh-frequency (UHF) sensor revealed
the absence of PD initiation at 3 kV, as shown in Figure 2, but a
notable enhancement in PC results was observed in Figure 3(a).
During this stage, the average increase rate of the PC exceeded
300%, primarily attributable to the surface’s EL and gas micro-
ionization processes occurring at low field strengths. At 6 kV, dis-
tinct PD pulses were evident, corresponding to an average
increase rate of the PC of 1562%. It is important to note that the
PC does not correlate with the volume of the dielectric but with
the electrical field"”. Additionally, insulating gases exhibiting
superior performance can effectively suppress ionization/PD pro-
cesses, leading to a reduction in photon release levels. In the SFq
environment, the PC values were less than 10% compared to those
obtained in N,.

2.2 Impact of gas pressure and gas category

EL is an important indicator of the health of insulating materials
used in high-voltage applications, but photon release from air ion-
ization and PD can interfere with its accurate measurement. A
previous study demonstrated a sharp increase in photon counting
results under PD, highlighting its potential impact on EL mea-
surements"”. To circumvent this issue, this study investigates the
photon response characteristics of defect-free specimens under
AC 3 kV and different pressures (0.1 to 0.3 MPa) in air, N,, and
SF, gases. The results revealed that increasing pressure significantly
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Fig.1 The insulation specimen and measurement configuration. (a) Photon counting principle, (b) measurement configuration, and (c) prepared insulation

spacer specimens with scratch, attached metal, and metal particle defects.
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Fig.2 The recorded PD data during measurement. (a) Defect-free specimen under AC 3 kV with 0.1 MPa gases, and (b) defect-free specimen under AC 6 kV with

0.1 MPa gases.
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Fig.3 Photon counting results under different measurement conditions. (a) Results versus voltage (0, 3, and 6 kV) corresponding to air, N,, and SF,, and (b)

results versus atmospheric pressure (0.1 to 0.3 MPa) corresponding to air, N,, and SFs under AC 3 kV.

raised the PD inception voltage for air and N,, while suppressing
photon release.

Notably, photons released by air ionization and PD contribute
to more than 90% of luminescence, as evidenced by a substantial
reduction in the number of photons detected in air and N, envi-
ronments at higher pressure levels, which is in contrast to stable
photon release levels observed in the SF¢ environment despite
increased pressure. This phenomenon is attributed to the high
stability of the S—F bond in SF, molecules, in which the bond
energy of S—F is about 320 kJ/mol, while the N=N is about 230
kJ/mol and O=O0 is merely 145 k]J/mol. The high stability of SF,
hinders their ionization and dissociation under higher electric
field conditions than both N, and air, thus preserving insulation
properties and suppressing PD inception™. Furthermore, the
photons of specimens in different gas environments seem consistent
after significantly increasing the gas pressure to 0.3 MPa, which
means that similar photons are released by their EL process after
eliminating PD’s contribution to photon emission.

Figure 3(a) demonstrates distinct photon counts corresponding
to an excitation voltage of 3 and 6 kV in N, and SF; environ-
ments, with the former exhibiting approximately 12.57 and 9.9
times higher photon emission than the latter. Remarkably, the
discernible disparity in photon release persists even after accounting
for PD contribution, as depicted in Fig 3(b). The N, environment
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consistently manifests the highest photon count, while the SFq
environment records the lowest. To delve further into this
intriguing phenomenon, Figure 3(b) also presents the comparative
analysis of photon counting results under AC 3 kV excitation for
the same sample at identical gas pressures but differing gases.
Notably, irrespective of PD exclusion, N, consistently outperforms
both air and SF in terms of photon emission levels.

This intriguing observation can be attributed, at least in part, to
the distinct ionization energy requirements inherent to different
gas molecules. The N, molecules possess a lower threshold for
ionization, thereby enabling facile ionization upon receiving suffi-
cient energy. Similar characteristics extend to N, and O, molecules
in the air, wherein their ionization energies remain relatively low.
Besides, the distribution ranges of PC results across distinct gas
environments show the minimal breadth associated with SF.
Notably, investigations demonstrate remarkable temporal stability
ofthe EL intensity, a distinct departure from the observed dis-
charge-controlled light emission™. Consequently, the prevailing
mechanism responsible for light emission in the SF, stems from
the process of EL on insulated surfaces.

2.3 Defect-dominated electroluminescence

The PC properties of ten specimens, comprising both defect-free
and defective specimens, under AC 3 kV excitation in 0.1 MPa to
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0.3 MPa are studied. The obtained measurement results are pre-
sented in Figure 4, accompanied by Table 1 statistical averages of
PC across each defect stage, collectively revealing intriguing
observations. Scratch defects, despite exhibiting varying lengths at
constant locations, exhibit a clear positive correlation between
surface scratch length and photon emission levels under different
gas pressures when contrasted with the defect-free specimen.
Notably, the 7 mm scratch defect sample records 2.5 times higher
average PC than the defect-free specimen across distinct gas pres-
sures.

In contrast, surface-attached metal defects that maintain a fixed
size but alter their distance from the metal conductor exhibit
unique photon emission properties based on their location.
Specifically, the placement of surface metals at the metal-
insulation-gas triple interface leads to higher photon counts than
those located in the middle of the dish. Additional findings indicate
an increased photon count in metal particle defects of identical
shape linked to an increase in particle size. Remarkably, among
particles of identical size, spherical particles display lower photon
counts than chunky metal particles due to a lower degree of electric
field distortion resulting from their larger curvature radius.

()

—~

3 Discussion

Upon external electric field surpassing the threshold level, Schottky
law-based electron and hole injection from the electrode into the
dielectric material generate free charge carriers that undergo dif-
fusion and migration behaviors®. Charge carrier types can be
classified as either mobile or trapped electron or hole, with mobile
carriers being linked to conduction through physical traps resulting
from the disordered structure, as well as deep traps, described by
chemical traps, allowing charges to escape via thermal activation®.
Physical response processes during charge carrier migration cor-
relate with carrier energy levels, in which charge recombination
does not require any threshold and can occur at a low electrical
field". Mobile space charges possessing kinetic energy of 1.5 gap
energy (E,) can generate electron-hole pairs via impact ionization,
while electronically excited states can be induced by electrons with
kinetic energy below the ionization energy level®. As to the
applied 50 Hz AC voltage, charge injection into the dielectric pro-
ceeds mainly concentrated in the surface layer of insulation mate-
rial. This makes either collision excitation/ionization or migration-
driven recombination challenging, the injection and recombination
of charge carriers trigger EL on the condition that electrode-insu-
lation interfaces alternately act as an anode and cathode. With
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Fig.4 Defect-dominated photon counting results. (a) Results of surface scratch (with the length in 3, 5, and 7 mm) under 0.1 to 0.3 MPa, (b) results of attached
metal (distance from metal conductor 0, 15, and 30 mm) under 0.1 to 0.3 MPa, (c) results of metal particles (block particles with 0.5 andl mm diameter, sphere particles

with 1 mm diameter) under 0.1 to 0.3 MPa.

Table1 Propellant masses vs. transfer time using orbital averaging and guidance scheme

Surface scratch Attached metal Metal particles
Pressure (MPa) Defect free
3mm 5mm 7mm Omm 15mm  30mm  Block0.5mm  Block1.0mm  Sphere 1.0 mm
0.1 65 77 103 157 88 82 86 71 89 81
0.2 64 72 102 166 92 82 77 68 88 79
0.3 65 81 103 166 87 87 93 69 92 81
Average value 65 77 102 163 89 84 86 69 90 80
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Fig.5 (a) Response behavior of charge carriers induced by defects, (b) the distribution of PC of scratch defect, (c) the distribution of PC of attached metal defect, and
(d) the distribution of PC of metal particle defect.

levels compared to those occurring at the insulation-electrode
interface™. The energy range corresponding to collision-induced
ionization/excitation lies between that of local discharge events
and recombination processes.

Figure 3(a) supported observation, the EL mechanism under volt-
age increase from 0 to 6 kV can be categorized into: (i) the initial
injection/recombination process close to the interfaces, followed
by (ii) injected carriers leading to either interfacial or bulk-based
recombination, and (iii) impact/ionization or hot electrons could
take place, as illustrated in Figure 5(a).

The mechanism of defect-induced EL follows the aforemen-
tioned three-stage evolution process. However, the presence of
defects can alter the surrounding electric field distribution and
charge accumulation concentration, thereby affecting the photon
emission. The relevant simulation model would help understand
the impact rule caused by various defects on the distribution of
electric field and charge concentration”* >, Rely on the average
PC under different air pressures shown in Table 1, trend charts of
photon variation corresponding to three types of defects were
plotted in Figures 5(b) to 5(d). For scratch defects, the appearance
of scratches leads to local electric field distortion and changes in
the energy level distribution of the insulating surface, resulting in
more space charges and charge accumulation. Therefore, the
recombination process is promoted, demonstrating a positive cor-
relation with scratch length. By establishing the functional rela-
tionship between photon counts and scratch length, quantitative
analysis of severe states of such defects is expected to be achieved.

Similarly, the influence of defect position and shape on the partial
discharge (PD) results can also be attributed to their impact on the
surrounding electric field strength. However, this behavior is
mainly achieved by intensifying the degree of air jonization near
the defects and does not significantly affect the intensity of elec-

4 Conclusions

This work investigates the PC characteristics of insulation spacers
with surface scratches, attached defects, and metal particle defects.
The influence of excitation voltage, gas pressure, and gas compo-
sition is discussed sequentially. Findings indicate that photon
release at lower field strengths is primarily attributed to EL and
gas micro-ionization, with over 90% of photon emissions origi-
nating from PD inception. Increasing gas pressure effectively sup-
presses the inception electric field of PD for different gases,
thereby mitigating the influence of PD-induced photons on EL
measurements.

The evolution process of the dominant EL mechanism follows
a three-stage progression dominated by electric field intensity. EL
contributions in the experimental environment derive from the
electrode-insulation interface, defect regions, and gas ionization
near defects. The size, position, and shape of defects impact the
level of photon release, attributable to distortion in the surrounding
electric field or changes in charge density. Present results demon-
strate a preliminary functional relationship between average photon
counts and defect severity, suggesting the potential for quantitative
defect analysis. With this regard, future research should focus on
defect-type identification methods based on photon counting

. . . . . ) measurements.
troluminescence inside the insulation. To verify the contained
mechanism behind EL, one effective approach involves investi-
gating wavelength-intensity spectra and subsequently calculating Acknowledgements

the associated energy levels during radiative transitions®”. The
findings demonstrated that light emission originating from dis-
charges manifests a pronounced peak in the ultraviolet region of
the optical spectrum. The EL spectrum arising from the recom-
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within the bulk of the insulation is found to extend from the visible
region towards the UV region, exhibiting notably higher energy
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