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1. Introduction

The combination of solar-blind ultraviolet (SBUV) and
visual images by SBUV cameras used for high-voltage
inspection is shown in Fig. 1 [1,2]. The SBUV type
cameras use a special image intensifier and a solar-blind
filter technology that enable the corona detection[1—4].

Figure 2 shows some of the challenges associated with
the current optical energy processing techniques to analyse
the SBUV images using pixel counting. This is based on CRo C >
the number of active pixels using various methods Fig. 1. Electrical corona discharges as observed by combined
as discussed previously [4,5]. Figure2 consists of visual and SBUV images of an insulator.
two images of a point-to-plane electrical test. At a setting
of 16 kVrms, the SBUV counts are approximately 83
counts, and at 29 kVrums, the camera indicates 116 counts
for the same camera settings. The corresponding electrical S AL : ,‘ :
loss of the same experiment is reported by Fig. 3 which is
48 pC (picocoulombs) for 16 kVrms and approximately
2400 pC for 29 kVrums. The objective of this paper is to
illustrate how the electrical energy loss of Fig. 3. and the :
optical SBUV flux relation can be determined using the : ‘
open radiometric optical measurement methodology [6, 7]. : 83 116

Fig. 2. Inverted SBUV image of corona of a point-to-plane test
at 16 kVrums giving 83 counts and 29 kVrums resulting in
116 counts.
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Fig. 3. Electrical loss of a glass insulator at the WITS University
High Voltage Laboratory.

2.  Current measurements methodologies
2.1. Sensitivity and counts

The SBUV camera specifications currently contain
only one optical radiometric unit referred to as the
‘sensitivity’ with typical values of 2.05 x 10~!® with units
[W-cm™2] [8]. This is actually the lowest detectable optical
flux by an SBUV camera [9].

Optical flux is currently measured by a non-standard
unit known as counts per second. The counts units are
based on the typical measurement associated with the
image intensifier and the CMOS detector topology
[3, 10, 11].

There are shortcomings with the count method which
can be summarized as follows [4]:

e Count is a non-standardized measurement unit.
e Results are dependent on observation distance.
e It is influenced by camera focus setting.

e Cannot deal with measurement fluctuations.

2.2. [Indicative results for electrical investigations

Although the count method is a non-radiometric optical
measurement method, it only provides indicative results of
the optical flux and electrical losses in the case of electrical
corona discharge observations.

One such an investigation is by Chunyan ef al. who
used a standard SBUV camera and its counts to investigate
electrical point-to-plane alternating current (AC) test
configurations [12]. The results implied that the electrical
loss and optical SBUV have the same response for
electrical discharge and optical flux (unit of [W]) wvs.
voltage. However, measurements differed from each other
for different gap sizes, different distances, and different
camera gain settings. Furthermore, they noted
measurements variations at different focus settings.

Zhuansun, in another investigation, found a parabolic
relation between corona current and optical count for the
point-to-plane test configuration direct current (DC) case,
also investigated the electrical loss vs. SBUV observations
[13].

Another approach that provided good indicative
electrical vs. camera results is a number of studies that used
the adaptive neuro-fuzzy inference with an adaptive
network-based fuzzy inference system (ANFIS) [14].
Notable is the work of Wang et al. who used the ANFIS
algorithm to create an estimation function of the electrical
vs. optical signal in counts [15].

The only report to date that claims this is a standard
radiometric measurement is Maistry et al. using an
electronic shutter, but there are many questions on some of
the details of the algorithm [16]. One question is whether
the use of a shutter might have an effect on the optical
measurement as it is not synchronized with the electrical
discharges.

Although all these results provide a good estimation of
the electrical corona loss and the optical flux relation with
the counting output, the experiments are not comparable
(non-standardised). This difference is best highlighted by
Li et al. using two cameras from different manufacturers
[17]. They concluded that there was a constant 1.3-fold
difference between two different cameras counting results.

This has led to the creation of an alternate open
standardized radiometric algorithm [5]. It is shown in the
subsequent sections how this open algorithm is applied to
electrical discharge and optical SBUV investigations.

3. Standardized measurement method

3.1. Step 1: Radiometer

Figure 4 shows additional steps to consider as part of
the electrical vs. optical investigations. It shows that the
first step is to use a radiometer or a reference camera
(golden reference) to calibrate the reference source for
subsequent steps as part of the process [18]. Secondly,
measurements at a reference source are translated to a local
source setup at the 7, distance These translated
measurements are then used to adjust the (local) source to
known source values for calibrating SBUV cameras.

| : Measurements with a
Radio :I radiometer or golden
meter reference — a SBUV camera
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Fig. 4. Outline of the calibration and measurement methodology.
3.2. Step2: Rudimentary measurements

Based on the algorithm, a rudimentary optical
measurement model of the SBUV camera is illustrated in
Fig. 5. The optical source is presented by the area Ao, the
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Fig. 5. Rudimentary source and camera model.

SBUV camera input aperture A, and the entire detector
area Aq. The figure shows the optical flux ¢ (unit of watts
[W] in radiometry) from the source to the camera and the
distance r between the camera and the source [3, 19].
Instead of using active (on/off) pixel counting, it is

XiX¥i

dsyn = Z d;  for d; > Tacx (1)
i=1

with the unit digital level [DL] which is the summation of
the pixel digital values d; that are more than the
background signal threshold Tgcge [S]. A more enhanced
version of (1) that can deal with Raleigh scattering is

Cluster x; X y;

dsyy = d; for d;>Tgex (2)

Cluster i=1

which sums pixels identified in hotspot cluster areas.
Hotspots are identified with a spatial filter that was
explained as part of the alternative SBUV detector
proposed and presented by this team previously [20, 21].

3.3. Step 3: Multiple samples to deal with variations

Figure 6 shows the results of (1) for consecutive
images. It highlights that the optical values using (1)
fluctuate when observing the SBUV flux from a glass
insulator. The time interval between each image in the
series is derived from the camera frame rate per second of
20 ms or 40 ms depending on the camera frame rate. The
average (Xygay) of Fig. 6 of 100 frames (V) is 3.59 x 103
and is determined by the relationship

Xugan = Yn=1 dsyu () 3)
N —1

Fortunately, it can be concluded here that the values in
this example only fluctuate by about 9.4% according to the
calculated coefficient of variation (CV) [22]. This implies
that the SBUV camera observations can be regarded as
stable enough for measurements. That is if the camera
settings results in a stable measurement. To attain optimum
stable camera measurements, parameters such as the CV
and the number of saturated pixels are used as part of
the algorithm [5]. However, occasionally, the camera
measurement algorithm must eliminate measurements in
the time-series measurements that deviate too much from
the majority of measurements [5]. These variations are the
result of the Cherenkov radiation (appears as sporadic
blobs) and occasional electrical discharges [3,5]. The
camera processing time here is 2 s as this is how long it

Time Series: Source 30 KVgys
Glass insulator 100 frames
Gain 27, Conv. OFF, Zoom x1,2.2 m

105 Xyean 3-586977e+05, s 3.389333e+04, CV 0.094

w >
o I ]

Camera system response [DL]

w

Sum of pixels, each camera frame every 20 ms

Fig. 6. Processing of 100 consecutive frames with pixel
summation.

takes to collect 100 samples at a 20 ms frame rate. This can
be shortened with fewer samples.

This averaged (X p4y) Value from multiple samples is
used throughout for all raw and calibrated measurements.

3.4. Step 4: Using camera calibration tables

The raw Xueav camera measurement using (1) [and (3)]
is transferred to the optical International System of Units
(SI) using a number of calibration transfer functions [5]. To
obtain these transfer functions, a calibration procedure is
used together with a reference source that provides a set of
transfer functions which is briefly summarised below.

3.4.1.  Dynamic transfer function

Using an adjustable SBUV source (Fig.4) with a
known output flux, the dynamic transfer function of an
SBUYV camera can be described by

dg = apE + ¢, 4)

where dg is the digital summation output of the camera
using (1) [or (2)], a,, is the gradient coefficient, E is the
source irradiance at a particular distance, and c,, is the
offset. To create a transfer function for multiple samples
per calibration source, the flux value (4) is expanded to

Xupan(f(E)) = anE + ¢y Q)

implying that the dynamic transfer function is created from
a series of measurements at each source flux level [18].
Both (4) and (5) are straight line estimations for
narrowband calibration sources. Personal experience with
wideband sources has resulted in camera responses that are
third-order polynomials. In this introductory guideline, a
narrowband source with a straight-line approximation is
used to convey introductory aspects, suggesting that the
more elaborated case of a wideband source and the full

camera spectral response will be presented later.
3.4.2.  Gain transfer function

A dynamic relation such as (4) is obtained at a particular
camera gain and a zoom setting which implies that multiple
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dynamic transfer functions need to be created during
calibration [5]. The use of these multiple dynamic graphs
implies that the gain transfer function must be known to
translate the measurement from one gain to another. The
Xugas measurement with the gyp,ss camera gain setting
can be transferred onto a calibration curve (5) for the
Jrarcer gain to the point with the value of X7 4perwith

b -b
XGrarcer = (e gITARGET . g™ " gIMEAS [XMEAS - Cg]) +cg (6)

with the gain coefficient by measured at a particular fixed
distance and ¢, — the camera measurement offset.

3.4.3.  Distance transfer function

As with gain transfer (6), Xuess measurements
performed at the 145 distance need to be transferred to
another Xgrarcer value at the rpypqpr distance that has a
calibration curve. The distance translation to use is

Xprarcer = (rI\%IEAS : rT_/%RGET [Xmeanz = Cupas)) + cugas » (7)

where Cygas is the camera offset. This transfer function was
derived from the distance translation function

byr
a,ebr
Xr = Xoricin 2 + ¢ ®)

with the Xygp;e;y measurement at distance 0, ¢, — the
measurement offset, a, — the constant, b, — the total
atmospheric attenuation, and the Xp measurement at the r
distance.

3.4.4.  Zoom transfer functions

The particular SBUV camera (Corocam 504) used in
the experiments demonstrated that it has the ability to
observe sources with two different zoom settings of 1 and
0.5. It was shown previously how to transfer measurements
from one zoom setting to another zoom setting [5]. The two
zoom relationships are

_ -1
XmEANZ05 = (mZOszl (XveanmEeaszt — Czl]) +c05 (9)

and

XMEanz1 = (mzlmz_()ls [(XmEaNMEASZ05 — Czos]) +c¢,; (10)

where Xy ranzos 1S the zoom times 0.5 that is transferred
from the measured Xy ganmeasz1 (zoom 1), Xypanz1 for the
zoom times 1 is transferred from the measured Xy zanmEeaszos
for a zoom times 0.5, c,5 is the offset for the zoom times
0.5, c,; is the offset for the zoom times 1, m,ys is the
gradient of output function for the zoom times 0.5, and m,,
is the gradient of output for the zoom times 1.

3.5. Derivation and additional details

There are additional parameters such as the lens map
and the spectral response that can be included for optical
measurements to improve accuracy, but here the focus is to
provide an outline of the electrical loss vs. the optical
SBUYV measurement procedure [18, 19].

4.  Electrical vs. optical
4.1. Electrical setup

Figure 7 illustrates the first type of electrical test setup
to use for electrical an optical experiments in accordance
with IEC 60720 standards [23]. It illustrates that the point-
to-plane test subject is connected in parallel with a
measurement circuit which contains the coupling capacitor
Cr and a narrowband filter with a preamplifier. The
measurement signals illustrated here are as follows:

1. A high voltage supply signal with discharge pulses as a
result of corona discharges.

2. An attenuated high voltage signal measurable with an
oscilloscope between C; and the preamplifier.

3. The low frequency power cycle is removed by filtering
leaving only pulses.

4. The electrical pulses are integrated and averaged
resulting in an energy measurement referred to as a
partial discharge measurement here using a specialized
instrument, the ICMcompact [4].

5. An SBUV camera is used for optical measurements.
The optical result was expected to be similar to the
electrical result, as indicated in Fig. 7.
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Fig. 7. Parallel electrical test configuration circuit diagram for a
point-to-plane showing typical electrical and optical
results.

4.2. Electrical measurements

Figure 8 is a typical oscilloscope measurement at the
preamplifier input on channel 1 of the oscilloscope (no. 2
of Fig.7), including the preamplifier output (no.3 of
Fig. 7) on channel 2. Channel 1 is the attenuated power
cycles (here 50 Hz) and the corona discharge pulses.

Corona discharge pulses are used for electrical loss
measurements. They are an indirect measurement of the
charge transfer g of the current pulse i(t) described by

q= j i(6) = (Ca + C)8V, (11)

with 8V, — the voltage over the test subject plus void (gap),
C, — the capacitance thereof, C;, — the capacitance of the
test subject [24]. Using the gap voltage 7 is

8V, = Cy ™1 (Ca + C1)BV, (12)
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Fig. 8. Point-to-plane measurement with an oscilloscope prior to
the electrical preamplifier (top) and after the preamplifier
(bottom).

which means that (11) can be rewritten in the indirect
measure form as

Qapp = CpoVyp , (13)

the apparent charge. The discharge electrical power P [W]
is a summation of g, pulses over the T time with

intime T
P=1" > qu (14)

i=1

with u; being the instantaneous values of the test voltage.

Figure 9 depicts consecutive partial discharge measure-
ments of gy, each point presenting a series of pulses by
the ICMcompact in [pC] [24]. An analysis of the electric
time series values shows a variation of 2.3% (CV = 0.023),
implying a set of stable measurements [22].

Time Series: Point-to-Plane set to 24 kVgus
8 pym gold plated needle, gap 65 mm 19 seconds
ICMcompact electrical

X 101875.55, s 1042.89, s? 1839.1637, CV 0.023

MEAN

1950

1900

1850

Partial discharge [pC]

1800

Time [s]

Fig. 9. Time series of electrical discharge samples at a particular
voltage collected by a partial discharge instrument
(ICMcompact).

5.  Point-to-plane electrical experiment

The first electrical test evaluation using the electrical
configuration of Fig. 7 is a point-to-plane electrical test as
observed in Fig. 10. The figure shows the combined visual
and SBUV image and the SBUV-only image.

Fig. 10. Point-to-plane images. Visual and solar-blind ultraviolet
images combined (left). Solar-blind ultraviolet image
only (right).

5.1. Electrical measurement

Figure 3 showed the electrical loss of the point-to-plane
test in [pC] vs. voltage applied.

Each point in the graph consists of several samples
(similar to Fig. 9) collected at a particular voltage setting.

5.2. Optical measurement

Figure 11 depicts the SBUV camera raw [DL]
measurements for the point-to-plane which electrical loss
was reported in Fig. 3. Each point of the graph here consists
of 150 frames (samples), each created with (3). Figure 11
also shows the response of the camera when no signal is
present with horizontal lines. These three ‘Bck’ lines are
derived from the no-signal distributions of the camera
using (3). Actual signal (blue and red) and the blank signal
distributions (black) are later compared in Fig. 12 and
Fig. 13. Note also the signal and blank distributions shown
as part of Fig. 11. The horizontal lines indicate the no-
signal average (Bck Avg), the upper 95% confidence line
(Bck Top), and the lower 95% confidence line (Bck Bot).

Corocam 504, Point-to-Plane, 72 mm Gap, Discharge point
Gain 18, Conv. OFF, Zoom %1, Distance 2.7 m, Frames: 150
Subareas: Y [Signal > Threshold],

455 Area: XY e 161 xy, 300 264
26 X Samples X %
— — Trend X
241 |—-—-Bek Top
= | |~ — BckAvg ’x
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3 x x!
c: 2 /
8 \ x X
@18 roxNg Xy Ty
o =x~ 7
© 16 x” s
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E 14
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e e e e e e 2.
1 b
15 20 25 30
Voltage [kVRMS]

Fig. 11. SBUV for a 72 mm point-to-plane gap and voltage
applied. (Gauss distributions are provided for points).

Figure 12 provides a comparison of the SBUV camera
samples for a 20 kVrus and background (no-signal)
distribution fitted to a Gauss distribution [22]. Each
distribution is derived from 150 frames each point attained
by (1). Figure 12 also shows that that the sample average is
to the left of the right-hand limit line of the blank signal


https://doi.org/10.24425/opelre.2022.143433

C. J. Coetzer, H. C. Myburgh, N West, J. Walker /Opto-Electronics Review 30 (2022) e143433 6

Postprocess, Normal fit show 95%, Source 20 kVgus
Corocam 504, Point-to-Plane, 72 mm Gap, Discharge point
Gain 18, Conv. OFF, Zoom x1, Distance 2.7 m, 150 frames
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Fig. 12. Distribution of solar-blind ultraviolet measurements for
a 72 mm point-to-plane gap and 20 kVrms voltage
applied vs. no signal.

(‘Blank Righttail”), which implies that the 20 kVrus result
is too low to be regarded as a valid measurement.
Figure 13, on the other hand, shows that the average of the
camera samples for 29 kVrwms is far to the right of the Blank
Righttail, suggesting the measurement at this voltage is
distinguishable from a no-signal value.

Postprocess, Normal fit show 95%, Source 29 kVgus
Corocam 504, Point-to-Plane, 72 mm Gap, Discharge point
Gain 18, Conv. OFF, Zoom x1, Distance 2.7 m, 150 frames
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Fig. 13. Distribution of SBUV measurements for a 72 mm
point-to-plane gap and 29 kVrums voltage vs. no signal.

Each optical SBUV camera observation with (1) and (3)
at a set voltage (such as Fig. 13) is collected and translated
(converted) to irradiance [W-m™] by an open algorithm
resulting in Fig. 14 [5].

5.3. Optical and electrical relation

After measuring the electrical energy (Fig. 13) and the
optical SBUV flux (Fig. 14), the objective is to determine
the relationship. The electrical loss can be converted from
pC to watt using the measurement time. However, the total
optical SBUV flux to calculate is usually somewhat
challenging as it is the irradiance £ which is defined as an
optical flux per area [W-m™] related to a measurement

Corocam 504, Point-to-Plane, 72 mm Gap, Discharge point
Gain 18, Conv. OFF, Zoom x1, Distance 2.7 m, Frames: 100
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Fig. 14. Solar-blind ultraviolet measurements for a 72 mm
point-to-plane gap with voltage applied.

distance [18, 19]. Fortunately, the total optical SBUV flux
of a source can be determined by modelling irradiance as a
sphere with a low atmospheric attenuation for SBUV at
short distances [8]. The total flux is modelled by a
narrowband source (from calibration) as an equivalent
narrowband optical flux

b = ENBT[rZ > (15)

where r is the distance and Eyp is the narrowband
irradiance of Fig. 14. Each point in Fig. 14 is translated to
the optical flux value ¢yp.

Figure 15 shows the relation between the total optical
SBUYV and the electrical energy using the values of Fig. 3
and translates the values of Fig. 14 with (15). The resulting
relation between optical flux and electrical loss is

$np =3.96 X 10714P3 — 1.1_77>< 1071°P,; (16)

+1.11x10
with ¢ g — the narrowband equivalent optical flux in units
of watts [W] and the electrical loss P,¢ in units of [pC].
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Fig. 15. SBUV measured relation with electrical loss for a
72 mm point-to-plane for 21 kVrwms to 30 kVrums.
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5.4. Different plane gap sizes

Figure 16 shows the camera measurement result for
different point-to-plane gap sizes.

Corocam 504, Point-to-Plane,
Gap comparison, 8 ym needle

Camera: Gain 20, Conv. OFF, 2.34 m, Zoom x1
-10

x10
> 4

16 mx Sample 75 mm P
N
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; 14 O Sample 90 mm
= Trend 90 mm ¥
®
212¢ .
@
®
=10 o i
© X
g 8f " ]
: 3 o
S 6} % o 8 g 4
% . X g I o e
I B ]

X 8 ¥ o) 8 8

1 A . . . . . | .

22 23 24 25 26 27 28 29 30
Voltage applied [kVRus]

Fig. 16. Optical measurements of different point-to-plane gap
sizes vs. voltage applied.

These optical results are similar to electrical loss
measurements by other researchers, confirming the
relationship between the optical and electrical domains
[24]. Further analysis in terms of SBUV optical power and
electrical loss is left for the future.

6.  Glass insulator experiment

The second test set uses a glass insulator (Fig. 1) instead
of a point-to-plane using the circuit in Fig. 7 to investigate
the electrical loss and optical relation with the open
radiometric algorithm.

6.1. Electrical measurement

Figure 17 depicts the electrical losses for a glass
insulator of Fig. 1. Note that the voltages are higher than in
the point-to-plane experiment. They must be used for the
glass insulator before the electrical loss and optical SBUV
can be detected.

Insulator test
Glass insulator, Electrical measurement
Refer to ICMOS camera for optical

3000 x
2800 - ]
2600 1
2400 X |
2200 - ' 1

2000 - i

Electrical loss [pC]

1800 | .
1600 - x i

1400 | T .

25 26 27 28 29 30
Voltage [kVrus]

Fig. 17. Electrical corona for a glass insulator.

6.2. Optical measurement

Figure 18 reports the camera equivalent narrowband
optical SBUV flux of the insulator using the algorithm.
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Fig. 18. SBUV optical irradiance for a glass insulator vs.
voltage.

As with other results, each point on the graph represents
100 samples each at the camera frame rate. More than one
set of 100 samples per voltage were made. These multiple
sets of results from 25 to 29 kVrums are similar except at
30 kVrms, which is where the results diverge. An outlier
rejection procedure was used to obtain a result from the
multiple sets (of 3) per voltage [5].

6.3. Optical and electrical relation

The optical SBUV flux and electrical loss relation for
the glass insulator is shown in Fig. 19 [9, 22]. Similar to the
point-to-plane experiment, the SBUV flux and electrical
loss relation is

$np =9.07-107'°P2. +9.139 - 10713P,¢

1
-2.1-107°. a7

Electrical loss vs. Solar-blind ultraviolet
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Fig. 19. Electrical corona loss and SBUV optical relation for a
glass insulator.
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The fitted line visually approximates a straight line as
presented in Fig. 19. This implies that different high
voltage configurations and parts have different responses.
There are additional atmospheric conditions to consider
such as air pressure, humidity, and wind that can be taken
into account to improve measurements [ 16, 25, 26].

7.  Point-to-plane compared with insulator

Figure 20 provides a comparison of the point-to-plane
and the insulator results reported here.

Corona loss vs. Solar-blind ultraviolet energy
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<108

o

Point-to-Plane 72 mm
— — Glass insulator

I
(3]

S

w
3]

w

N

(3]

Equiv. narrowband optical source [W]
N
w

[=]
(3]

0 L
1200 1400 1600

1800 2000 2200 2400 2600 2800 3000
Electrical loss [pC]

Fig. 20. Comparison of the electrical corona loss and the SBUV
optical relation for a point-to-plane test setup and a
glass insulator.

8. Conclusions

It was initially noted that the optical flux observed by
SBUV cameras in the electrical domain is presented in a
non-standard measurement unit of counts. This is
highlighted by the measurement differences between
SBUV camera manufacturers counting outputs from the
same source.

A guide was provided on how to use a standardized
optical SBUV  measurement for electrical test
configurations to find the electrical loss and the standard
optical flux relation. Results showed that the optical results
differ for the two test configurations.

In addition to the standardized measurement method
and unit and guideline, a rudimentary model to measure the
total optical SBUV flux was added. The radiometric
measurement values were converted (projected) to the
optical flux emitted in the source with units [W] for the
purpose of comparison with the electrical (15) which also
has the unit [W] in future research. This made it possible to
determine the electrical loss and observed optical
relationships using standardized comparisons and
measurements.

Furthermore, the following aspects should also be
incorporated in future investigations for purposes of
measurement enhancements:

e A wideband calibration source response should be used
as opposed to the narrow band source presented here.
Although the Planck source is a wideband source that is
favoured by some camera manufacturers, it has a

spectral function that is spectrally skew and not similar
to actual corona discharges. A solution to overcome this
will be presented later.

Incorporation of the camera spectral response as part of
the calibration procedure should also be included.
Ensuring that all cameras respond in the same manner,
especially with regard to the dynamic transfer function,
should also be incorporated as part of the calibration
and measurement process to be presented later.

It can be argued that the electrical vs. optical results pre-
sented here in [pC] should also include u; from (14). This
would allow to compare the optical flux with units [W]
with the electrical results of (14) also with units [W].
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