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Abstract: This paper reports the results of the analysis of measurements involving partial discharges
(PD) occurring in the air using a corona camera (UV camera). The measurements were carried out
in laboratory conditions and applied two electrode systems: needle-needle and needle—plate, in
order to obtain various electric field distributions. The measurements of PDs, including a variety
of alternatives, were carried out using a portable UV camera, taking into account the impact of
the camera gain parameter and its distance from the PD sources. As a result, some important
regularities and characteristics were identified that could significantly affect the ability to assess PDs
by application of UV camera measurements. In addition, the results obtained can be employed for
non-invasive diagnostic measurements performed on working power equipment and may be useful
in further work on standardizing the result interpretation method obtained from measurements
using a UV camera.

Keywords: UV camera; partial discharges; high-voltage diagnostics; non-uniform electric field

1. Introduction

The detection, measurement and location of partial discharges (PD) without interfering
in the normal operation of high voltage power equipment provides considerable diagnostic
opportunities. This applies particularly to the assessment of their insulation systems’
performance. Early detection and analysis of PDs offers an early identification of faults
that have developed in insulation systems [1-3].

The use of specific diagnostic methods for PD detection depends on whether there
are discharges occurring inside the insulation or discharges occurring in the air or on the
surface of the insulation systems [4-8]. For detection and measurement purposes involving
internal PDs, electrical methods are appropriate, consisting mainly of measuring their
apparent charge Q) [9,10]. The acoustic method is also used, based on the measurement of
the acoustic signal generated by the PDs [11-14] and the chromatographic method (DGA)
that is applied to identify by-products of insulation failure resulting from the effects of
PDs [15-18]. These methods are mainly used for diagnostics of faults found in the isolation
of large power transformers and high voltage cables.

The second group of PDs involves examples that occur in the air or on the surfaces of
solid dielectrics in the gas environment. Examples of installations that may have this type
of PD include power line insulators and numerous spark gaps installed in power stations.
In the insulation systems of these devices, there is always a non-uniform distribution of the
electric field, which in turn is related to the occurrence of PDs [19]. This issue also applies
in power circuits such as power modules [20].

Research is also being conducted into a method of estimating the level of PDs on
the basis of radiometric measurements and linking the emitted power to the intensity of
registered PDs [21]. Appropriate algorithms for locating PD sources based on analysis of
the received signal strength are also being developed [22].
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The classic parameters characterizing PDs include their characteristic voltages: corona
voltage V,, sparking voltage Vs. and breakdown voltage V},. However, the visual and
acoustic methods of determining these voltages are inaccurate, as they depend on a variety
of external factors; therefore, they can be applied only for approximate technical evaluation
of diagnosed insulation systems [23].

Use of a UV camera is increasingly important in monitoring various types of envi-
ronmental parameters, e.g., in atmospheric science, volcanology and surface smoothness
measurements [24-26]. Dual-band imaging in visible light and UV range can also detect
and locate corona discharge sites [27]. For these reasons, UV cameras are increasingly being
employed in the diagnostics of air insulation systems for the precise and objective determi-
nation of these voltages. In the literature, they are also referred to as corona cameras [28-30].
They can be employed for the detection of PDs occurring in high-voltage elements of power
equipment throughout their normal operation. UV cameras also allow the assessment of
the levels of PDs expressed in terms of the registered count of UV impulses.

Additionally, mobile solutions with a UV camera for the inspection of power lines,
which are based on unmanned aerial vehicles (UAVs), are already being developed and
implemented [31,32].

Unfortunately, the number of UV impulses registered in this way, which characterize
the PDs, depends not only on the intensity of discharges but also on external conditions.
The list of them includes:

e adopted level of signal gain set on a camera,
e distance between the camera and source of partial discharge.

The identification of the impact of these factors on the recorded values of UV emissions
forms is the subject area discussed in this paper.

2. Measurement System, Characteristics of UV Cameras, Measurement Range

Measurements were conducted in the Laboratory of High Voltages using a standard
high voltage cell. The experimental system comprised a control panel and a single-phase
test transformer with an upper voltage of 110 kV. The test transformer also included a
protective resistor. PDs were generated on prepared spark gaps, which consisted of a system
of two electrodes. Spark gap was supplied with alternating voltage (AC). The voltage
supplying the spark gap was measured on the high voltage side using an electrostatic
voltmeter. All measurements were taken and recorded in daylight, without obscuring the
area of the laboratory.

The UV DayCor Superb UV camera was applied for the measurement and registration
of ultraviolet radiation originating from the formed PDs (Figure 1). The camera was
installed on a tripod. Its distance from the source was controlled in accordance with the
adopted course of the measurement schedule.

This camera can be employed for monitoring of PDs found on insulators, in interme-
diate, high and ultra-high voltage power lines. The measurement principle is based on the
use of the count of total of impulses generated by light detectors. The camera has built-in
detectors that register photons within two radiation ranges: UV (250-280) nm and in the
visible light range (380-780) nm. The camera counts the number of photons emitted by PDs
and as a result displays the average value of the number of counts over a period of about
5 s. The gain parameter can be adjusted from 0 to 250 with gradation in steps of 10. The
camera software carries out an overlap of the count with the number of photons in the UV
radiation range on the photograph with the image of the source of PDs. The photo is taken
using a standard CCD matrix that is sensitive to visible light. After merging both images, a
precise image with the intensity of PDs is created that is visible on the examined sources
of PDs. The second part of the image takes the form of a photograph with the examined
object in the daylight. The camera lens and optical filter used in the camera are optimized
to visualize the effect of PDs, along with the surrounding background in the visible light.
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Figure 1. Diagram of the measuring system.

The images of phenomena occurring during measurements are displayed online on
a color LCD screen, following by recording them and a subsequent analysis carried out
in order to interpret the phenomena. Figure 2 shows a photo of the camera screen with
the recorded image of signals generated on the basis of the emission spectra of PDs. The
signals originate from the PDs generated in the needle—needle spark gap.

Figure 2. Image from camera screen with emission spectra signals originating from PDs: space of
PD’s formation (1); high voltage electrode (2); gain parameter (3); grounded electrode (4); number of
counts (5).

Table 1 contains a summary of the principal technical parameters of the DayCor
Superb camera that were applied throughout the measurements.

The measurements involved emission spectra of PDs generated in two types of spark
gaps: needle—needle and needle—plate. Three types of thin electrodes with the diameters
of 0.23 mm, 0.40 mm and 0.50 mm and a spark gap with conical electrodes with a needle
angle of x = 20° were applied in the needle spark gaps. The electrode systems adopted for
the study generate non-uniform distribution of the electric field. Needle-needle electrode
systems can be adopted as a point fault model and a needle—plate system can model a
point fault with a grounded surface (e.g., in the case of a high voltage device).
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Table 1. Summary of technical parameters of the DayCor Superb camera.

Parameter Value Unit
UV spectral range 250-280 nm
Visible light range 380-780 nm

Sensitivity within UV range 3x10718 W/cm?

Minimum sensitivity of illumination 1 Lux

Matrix 640 x 480 Pixels
Lowest detectable PDs 1.5 (for a distance of 8m) pC

Presentation of UV image/visible light Solid angle with accuracy miliradian

greater than 1
Operating modes Visible/UV /combined -
Operating and storage temperatures —20... +55 °C

“-"” dimensionless unit.

The measurements involved three types of tests. The first was concerned with the
measurement of the number of UV impulses emitted as PDs, and generated in the needle
-needle system, as a function of PD generation voltage. For these purposes, thin needle
spark gaps with three diameters were applied (Figure 3a) in the measurements: 0.23 mm,
0.40 mm and 0.50 mm.

(a)

— e

(b)

e —

(©)

Figure 3. Needle-needle spark gap with thin needle (a), needle-needle spark gap with conical
electrodes with a needle angle of o = 20° (b), needle—plate spark gap (c).

The second type of measurement involved the determination of the effect of camera
gain factor, distance between the camera and the source of PDs and the voltage value of the
spark gap on the magnitude of the signals emitted by UV radiation originating from and
generated in the needle spark gap with cone electrodes, for an angle of o = 20° (Figure 3b).

The third type of measurements was performed for PDs generated in the conical
nee-dle (& = 20°)-plate spark gap (Figure 3c). The purpose of this experiment involved the
determination of the effect of camera gain, distance of the camera from the PD’s source and
the supply voltage of such a spark gap on the value of the signals emitted as UV radiation
originating from PDs.

3. Results of Measurements of Number of UV Impulses Generated by PDs in Needle
Spark Gaps in the Function of the Generation Voltage

Figures 4-6 demonstrate the characteristics of the mean distribution represented by the
number of counts of UV impulses originating from PDs as a function of voltage delivered
to the needle electrodes. Needle spark gaps with three diameters of 0.23 mm, 0.40 mm and
0.50 mm were applied for the purposes of PD generation. In each of the spark gaps, the
distance between the electrodes was constant during measurements and was equal to 8 cm.
The values of the breakdown voltage V}, in the spark gap were equal to 65.98 kV, 58.75 kV
and 60.29 kV, respectively. The value of the generation voltage of PDs was varied stepwise
by increments of 5 kV, in the range of values from 5 kV to 55 kV. The distance between the
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camera and the source of PDs was constant and maintained at 160 cm, the camera gain was
also constant and equal to 100.
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Figure 4. Mean value of registered count of impulses within UV radiation range in the needle spark gap with the diameter
of 0.23 mm (a); trend line representing the variations in the number of impulse counts in the function of the PD generation
voltage (b).
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Figure 5. Mean value of registered count of impulses within UV radiation range in the needle spark gap with the diameter
of 0.40 mm (a); trend line representing the variations in the number of impulse counts in the function of the PD generation
voltage (b).
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Figure 6. Mean value of registered count of impulses within UV radiation range in the needle spark gap with the diameter
of 0.50 mm (a); trend line representing the variations in the number of impulse counts in the function of the PD generation
voltage (b).

For better interpretation of the presented characteristics with the obtained results,
a trend model marked as the fit curve was used. This model was determined using
typical interpolation techniques available in the MATLAB environment (smoothing spline
interpolation method).

4. Effect of Camera Gain and Distance from the PD Source and Generation Voltage on
the Registered Count of UV Impulses Determined for Needle Spark Gap

With the purpose of determining the effect of the distance between the camera and the
PD’s source on the registered count of UV impulses resulting from PDs, the characteristics
were established with regard to this relation. The recording of these dependencies was
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performed for five different camera gains and for four values of PD generation. Example
results of PD measurements with UV camera, generated on a needle-needle spark gap, are
presented in Figure 7. PDs were generated in a conical spark gap with a needle angle of
20°. The measurements were performed for two distances between the electrodes in the
spark gap: 2 cm and 4 cm. The results are presented in Figure 8.

OMB IINES AIESGIAINSA0I0

COUNTER

(©)

Figure 7. Example results of PD measurements with UV camera, generated on a needle-needle spark
gap for the following gain (G) parameters: G = 100 (a), G = 150 (b).,G =200 (c), G = 250 (d).
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Figure 8. Relation between the number of counts of UV impulses and UV camera gain and their distance from the source of
PD generation for the following electrode systems: PD generation voltage U = 13 kV, distance between needle electrodes
2 cm (a); PD generation voltage U = 15 kV, distance between needle electrodes 2 cm (b); PD generation voltage U = 24.2 kV,
distance between needle electrodes 4 cm (c); PD generation voltage U = 27.4 kV, distance between needle electrodes 4 cm (d).
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Figures 9 and 10 present the results of analysis involving the effect of camera gain
parameters on the registered value of UV impulses generated by PDs.
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Figure 9. Relation between the number of counts of UV impulses and the parameter representing camera gain for various
conditions of PD generation: PD generation voltage U = 13.0 kV, distance between electrodes d = 2.0 cm (a); PD generation
voltage U = 15.0 kV, distance between electrodes d = 2.0 cm (b).

15000

T T 3 X 104 " B
—O—Distance 25 m - - Y
—©—Distance 35 m —©—Distance 25 m

—©—Distance 45 m —e—Dfslanco 35m
—©—Distance 55 m 25 |~©—Distance45m | |

~E—Distance 55 m

—O—Distance 6,5 m
' |~©—Distance 6,5 m

Distance 7,5 m

i Distance 7,5 m

10000 - | E
—e—ntsta nce 8,5 m 2! |~©—Distance 85 m |1
—©—Distance 9,5 m —O—Distance 9,5 m
—©—Distance 10,5m '

|~©—Distance 10,5 m
~O—Distance 11,5m | |

—©—Distance 11,5 m

5000 -

Average number of counts, (-)

Average number of counts, (-)
o

9.
o

[ 50 100 150 200 250 300 0 50 100 150 200 250 300
Gain, (-) Gain, (-)

(a) (b)

Figure 10. Relation between the number of counts of UV impulses and the parameter representing camera gain for various
conditions of PD generation: PD generation voltage U = 24.2 kV, distance between electrodes d = 4.0 cm (a); PD generation
voltage U = 27.4 kV, distance between electrodes d = 4.0 cm (b).

5. Effect of Gain Parameter, Distance between Camera and PD Source and PD
Generation Voltage on the Registered Count of UV Impulses

For the purposes of verifying the results gained in the needle electrode systems,
simi-lar measurements were performed and involve the generation of PDs in the needle-
plate spark gap. Example results of PD measurements with UV camera generated on a
needle-plate spark gap are presented in Figures 11 and 12. The results presented below
demonstrate the effect of the gain parameter, the distance of the camera from the PD source
and the value of generation voltage on the registered count of UV impulses. Figure 13
presents the results recorded in the spark gap, in which the distance between the blade
and the plate was equal to 3 cm and PDs were generated at 24 kV. Figure 14 contains the
results obtained in this spark gap, but at a distance between the electrodes of 3 cm and a
PD generation voltage of 31 kV. Figure 15 contains the results recorded in the same system,
but for a distance between the electrodes equal to 3 cm and a voltage equal to 38 kV.
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Figure 11. Example results of PD measurements with UV camera, generated on a needle-plate spark gap for the following
gain parameters: G = 100 (a), G = 150 (b).
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Figure 12. Example results of PD measurements with UV camera, generated on a needle-plate spark gap for the following
gain parameters: G =200 (a), G = 250 (b).

8000 T T T T T T .. 8ooo T T T T
Gain 100 - —©—Distance 2m
-~ —4—Gain 150 g —ES—Distance 3 m
"7 6000 —4—Gain 200 |- 3 6000 —©—Distance 4 m|-
£ 3 Gain 250 8 ~©—Distance 5m
3 B G —©—Distance 6 m
2 4000 ~ E 4000 - ~—Distance 7 m | |
E 1 g E
2 3 2
E 2000 & 2000 -
z \\‘ 5
E
0 - o0 —o 0 - ‘ ‘
1 2 3 4 5 6 7 8 50 100 150 200 250 300
UV camera distance, (m) Gain, (-)

(@) (b)

Figure 13. Characteristics of the dependence between the count of UV impulses and distance from the camera to the source
of PDs for different values of camera gain parameter (a) and comparative characteristics of the dependence of the counts of

UV impulses on the camera gain value for different distances from the camera to the PD’s source (b). PD generation voltage
U =24 kV, for a distance between electrodes of 3 cm.
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Figure 14. Characteristics of the dependence between the count of UV impulses and distance from the camera to the source
of PDs for different values of camera gain parameter (a) and comparative characteristics of the dependence of the counts of
UV impulses on the camera gain value for different distances from the camera to the PD’s source (b). PD generation voltage
U =31 kV, for a distance between electrodes of 3 cm.
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Figure 15. Characteristics of the dependence between the count of UV impulses and distance from the camera to the source
of PDs for different values of camera gain parameter (a) and comparative characteristics of the dependence of the counts of
UV impulses on the camera gain value for different distances from the camera to the PD’s source (b). PD generation voltage
U =38 kV, for a distance between electrodes of 3 cm.

6. Results and Discussion

The results of measurements of UV emission spectra generated by PDs in the air, oc-

curring in electrode systems with a non-uniform distribution of the electric field discussed
in this paper, clearly demonstrate the applicability of the camera technique for detection
and measurement of partial discharges. The more important results are discussed below:

@)

The results presented in Figures 4-6 demonstrate the dependence of the counts of
UV emission impulses originating from PDs on the value of the voltage used to
generate them. All waveforms are non-linear. Initially, they increase exponentially, at
32 kV (i.e., 52% of the breakdown voltage V}), until they assume a maximum value
(1.8 x 10* impulses), followed by a linear decrease to 45 kV (73% Vy,), for which the
number of registered pulses is equal to 1 x 10*. This may indicate that at a voltage
of 32 kV there is the highest ionization energy. With a further increase in the value
of PDs’ generation voltage, the emission of UV pulses increases linearly, reaching a
voltage of 1.1 x 10* at 55 kV (92% V},). This dependence between the UV emission
and the voltage of PD generation applies regardless of the diameter of the electrode
needles (and, consequently, also regardless of the radius of their needle), between
which PDs are generated. This analysis showed that the change in the thickness of
the spark gap does not significantly affect the counts recorded by the UV camera,
therefore only models (b) and (c) from Figure 3 were used for detailed analysis. The
registered UV emission waveforms in the function of PD generation voltage provide
interesting input since they are clearly different from those that were recorded in the
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visible light spectrum. According to the present authors, the explanation of these
phenomena should be sought in the analysis of physical mechanisms responsible for
the formation and development of PDs occurring in electric fields with non-uniform
distribution. Recorded waveforms clearly indicate that the energy transformations
associated with air ionization in the UV spectrum and in the visible light spectrum are
different. The decrease in the number of counts observed in Figures 4-6 is associated
with the ionization process, where after reaching a certain level of saturation, part
of the ionization energy begins to be transferred in another form, including kinetic
energy and in the form of radiation. This phenomenon is most often already visible to
the naked eye (in appropriate conditions, of course) as a bright glow. The gas dielectric
(in this case, air) is locally ionized and the ionization energy share decreases despite
the voltage increase. A UV camera detector that works in the wavelength range from
240 nm to 280 nm is able to register this phenomenon. A further explanation of these
differences requires further research and analysis.

Figure 8 presents the effect of the camera’s distance from the PD’s source generated
in the needle system on the registered UV emission. In the spark gap, where the
distance between the blade electrodes was equal to 2 cm and its breakdown voltage
was 26.5 kV, PDs were generated for two voltage values: 13 kV and 15 kV (49% V,
and 56.7% V), respectively). The results given in Figure 8a,b clearly confirm the
significant effect of the camera’s distance from the source of PDs on the value of the
recorded count of UV impulses. For example, for a distance of 2 cm the number is
10.900 impulses, and for a distance of 11 m the total impulses are 1700 (for a camera
gain of 150). For signals generated in this spark gap at a distance of 3 cm, the respective
numbers are 12,400 and 3300 impulses. This type of dependence between the number
of registered UV emission pulses and the distance of the UV camera from the source
of PDs is confirmed by all curves presented in Figures 7b and 8a, regardless of the
value of the adopted camera gain.

The results given in Figures 9 and 10 can be applied to determine the effect of camera
gain values on the count of UV impulses. The results presented in these graphs were
obtained in the same metrological conditions as the previous cases (Figure 8). All
curves presented in Figures 9 and 10 clearly demonstrate that the highest numbers of
UV impulses are recorded for the camera gain of 150. This conclusion is confirmed by
all curves obtained for different distances of the camera from the source of PDs. It is
understood that the number of recorded UV impulses is the highest for the shortest
distance between the camera and the source of PDs.

The results given in Figures 13-15 serve the purposes of verifying results gained
previously (Figures 8-10). These results were obtained in a different electrode system
with non-uniform field distribution (needle—plate), in which the magnitude of the
electric field was lower. The analysis of the results (Figures 13a, 14a and 15a) leads
to the conclusion that the assumption of the camera gain value of 150 in this system
forms the most suitable option and confirms the results and conclusions relating to
the needle-needle system. It can even be said that the curves obtained in this system
confirm this conclusion more clearly. This is particularly confirmed by the curves
derived for the smallest distance (2 m) from the source of PDs to the camera. Based
on the obtained results, it is possible to apply the optimal gain to the analysis of
other geometric shapes of electrodes that generate non-uniform distribution of the
electric field. The results presented in Figures 13b, 14b and 15b present the effect of
the distance between the camera and the source of PDs on the registered count of UV
impulses. The results relate to changes in distance in the range of 2 m to 7 m. It can
be estimated that the number of UV impulses recorded for a 2 m distance from the
camera to PD source is about 2 to 2.5 times greater than that recorded for a distance
of 7 m. Trends in curve changes are presented in Figures 13b, 14b and 15b and are
fully consistent with the results reported in previous studies (Figure 8).
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An analysis was performed with regard to the distribution of mean values of the
number of counts with the purpose of determining the optimal gain values in per-
centage points (Figures 16 and 17). The closest distance between the camera and
the PD’s generation source was adopted as the reference value, which was 2.5 m
for the needle—needle gaps and 2.0 m for the needle-plate gaps. This distance was
determined due to the need to safely locate the UV camera in relation to the tested
systems applied for the generation of PDs.

On the basis of the analysis of the resulting characteristics, we can conclude that the
most favorable distribution was obtained for the gain values equal to 200 and 250
(Figures 16 and 17). According to the authors, the optimal gain will be 200, as it is
characterized by an exponentially declining model. This situation occurs in both
tested systems (needle-needle gaps and needle—plate gaps), where the coefficient of
determination (R-squared) for the model is 0.99 and 1.00, respectively.
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Figure 16. Percent distribution of mean values of counts determined for specific distance from the
UV camera for the needle-needle system, distance between electrodes d = 4 cm.
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