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Abstract. Today, there is a clear trend toward electrification
of transportation systems, including aircraft. Due to the enormous
power requirements, they must operate at high voltages.
However, the combined effect of higher voltage levels and low
pressure environments is conducive to the occurrence of
electrical discharges in electrical systems. Therefore, there is an
urgent need to develop cost-effective systems to detect the
discharges in the early stages before major failures can occur.
This paper compares two optical sensors for early discharge
detection in a simulated aircraft environment. The experimental
study is performed in a low pressure chamber using a needle
plane electrode. The pressure is changed from that corresponding
to ground level to that corresponding to flight altitude, i.e., from
100 kPa to 20 kPa. The effect of the supply frequency is also
studied, since modern aircraft operate in a wide range of
frequencies up to about 800 Hz. Both variables, especially
pressure, have shown significant effects on the CIV value. The
results have also shown a similar sensitivity of both sensors for
all the experimental conditions analysed, allowing a fast and
sensitive detection and localization of incipient electrical
discharge activity.

Key words. Electrical discharges, corona effect,
ultraviolet sensors, electric aircraft, electrical mobility.

1. Introduction

Due to the more efficient use of energy, electric
transportation systems are becoming more electrified and
are experiencing rapid development. Due to the high
power requirements, today's electric vehicles have DC bus
voltages of up to 800 V [1]. This is also happening in the
aviation industry, which will operate at voltages in excess
of such values [2]. This increase in voltage does not come
without significant challenges, especially in the harsh
environments that characterize aeronautical systems [3]. In
particular, the combination of harsh environments and
increased voltage levels in more electric aircraft (MEA)
and full electric aircraft (FEA) facilitates the occurrence of
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electrical faults in insulation systems. Electrical systems
characteristic of FEA aircraft will operate at high
voltages up to 3 kV DC [4], and electrical systems in
MEA aircraft today operate in a wide range of
frequencies between 300 Hz and 800 Hz [5]. Electrical
wiring systems in modern aircraft are complex and
compact. In addition, the low-pressure environment in
unpressurized areas, rapid changes in altitude and
temperature, associated condensation effects, high
vibration levels, and exposure to contaminants and UV
radiation pose significant challenges to insulation
systems. The combination of all these effects favors the
occurrence of partial discharge (PD) activity within the
insulation of aircraft power wires, leading to insulation
degradation and ultimately insulation failure, equipment
malfunction and potentially catastrophic failures [6], [7].

The dielectric strength of air is a function of air density
and therefore of atmospheric pressure, so the dielectric
strength of air decreases with decreasing air density
values [8], [9]. In addition, at high altitudes, the reduced
air density makes thermal exchange more difficult [10],
which poses significant challenges to the behavior of
insulation materials and thus favors premature
degradation conditions.

For a given voltage level, reduced pressure conditions are
known to increase the PD activity, intensity and energy
of discharges, thus increasing their potential damage
[11]. Thus, insulation systems with no or low PD activity
at ground level may fail at flight altitude [12].

Discharge amplitude tends to decrease with pressure, so
in low pressure environments, the sensitivity of
conventional electromagnetic PD detection methods may
not be sufficient [11], so optical detection methods can be
of great help because they allow detecting surface PD
and corona discharge activity [13], [14]. It is well known
that the electrical energy involved in the corona activity
is directly related to the intensity of the corona light
detected by optoelectronic sensors [15], so that
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optoelectronic imaging sensors allow not only the
localization of the discharge area, but also the intensity of
the discharges.

Solar radiation includes infrared radiation, visible light,
ultraviolet (UV) radiation and ionizing radiation of shorter
and longer wavelengths, microwaves and radiofrequency,
respectively. UV lies in the range of 100-400 nm, being
subdivided into UV-A (315-400 nm), UV-B (280-315 nm
and UV-C (100-280 nm). Most UV-B and UV-C solar
extraterrestrial energy is absorbed by Earth’s stratosphere.
Solar blind sensors are those that are exclusively sensitive
to UV-C wavelengths [16], so they do not generate any
signal when exposed to normal sunlight. These sensors can
detect the dim UV-C radiation produced by surface and
corona discharges, while avoiding sunlight interference
[17].

Optical methods, and in particular optoelectronic imaging
sensors, are particularly attractive because they allow
direct detection and localization of the discharge regions
[18], while offering high resolution and sensitivity at a
reduced cost and size. They also offer immunity to
electromagnetic noise, switching noise, and acoustic noise,
so they can be used in transportation systems to detect and
locate electrical discharges in their incipient stages, long
before irreversible insulation damage occurs.
Optoelectronic ~ imaging  sensors, in  particular
complementary  metal-oxide-semiconductor  (CMOS)
sensors, have undergone extraordinary development with
high sensitivity, high resolution and competitive costs.
Today, they are widely used in many applications such as
digital cameras, camera modules, camera phones,
agricultural imaging or medical imaging equipment,
among others. Such advances offer promising solutions
for corona detection in aeronautical applications.

This study contributes to the field of corona detection for
aeronautical applications. Through experiments performed
in a low-pressure chamber, the sensitivity of both sensors
is compared by determining and comparing the corona
inception voltage (CIV) detected by a back-illuminated
CMOS and a solar blind UV-C sensor for various
atmospheric pressures in the range of 100 to 20 kPa,
corresponding to standard atmospheric pressure and the
pressure at the flight altitude of commercial aircraft.
Experiments are performed using a needle-plane gap in a
frequency range from 50 Hz to 800 Hz.

2. Materials

This section describes the materials used in the
experimental part.

The corona discharges were generated using a needle-
plane geometry. It consists of a stainless steel needle 13
cm long, 1.3 mm in diameter with a hollow tip of 0.03 mm
radius and 50° angle placed 20 cm above the ground plane,
as shown in Fig. 1.

The experiments were performed with the needle-plane
geometry inside a low-pressure chamber. It consists of a
cylindrical aluminum tube (250 mm internal diameter, 500
mm height and 6 mm wall thickness) sealed with a
methacrylate lid.

The pressure was automatically regulated using a vacuum
pump (BA-1, 1/4 HP, 0.085 m?min, Bacoeng, Suzhou,

China). To regulate the pressure, the pump was connected
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to an inverter and to a control valve. The pressure level
was measured with a digital sensor (PSD-4, -1 bar to 0
bar, * 0.5%, Wika, Sabadell, Barcelona). The
temperature of the inside the chamber was measured with
a K-type thermocouple which was connected to a
multimeter configured in thermometer mode (Fluke 289
true-RMS multimeter, Fluke, Everett, Washington, WA,
USA).

L_50,0°

R =0.03mm

Fig. 1. Needle electrode

The magnitude of the voltage and frequency applied to
the needle-plane electrode were controlled by a
programmable AC power source (SP300VAC600W, 600
W, 0-300V, £0.1V, 15-1000 Hz, APM Technologies,
Dongguan, China). The low voltage terminals of a single-
phase high voltage transformer (VKPE-36, 600 VA, turns
ratio 1:100, maximum voltage 36 kV, Laboratorio
Electrotécnico, Cornella de Llobregat, Spain) were
connected to the AC source, while the high voltage
terminals were connected to the needle-plane electrode.
The high voltage was measured with a high voltage probe
(CT4028, 0 — 39 kVpeak, < 3%, 1000:1, DC to 220 MHz,
Cal Test Electronics, Yorba Linda, CA, USA) connected
to a computer through a data acquisition system (USB-
6000 DAQ, 1 kS/s, 12 bits, < + 26 mV, National
Instruments, Austin, TX, USA) as shown in Fig. 2.

High-voltage conductor

High-voltage
probe

ﬁ‘i@!

Vacuum pump -

1:100 HV

CMOs transformer

sensor

UVTRON
sensor

Low-pressure
chamber

AC power source

Fig. 2. Sketch of the experimental setup.

Digital images of the corona discharges were acquired
using a back-illuminated BI-CMOS imaging sensor
(ISOCELL HP2, 1/1.3” sensor size, 0.6 pm cell size, 200
Mpixel resolution, 30 frames/second, manufactured by
Samsung, Korea). This BI-CMOS sensor is equipped
with a “Tetra’pixel” RGB Bayer Pattern color filter,
supports raw format images and is sensitive to both
visible and near-UV light.

A head-on solar-blind UV-C sensor (UVtron R9533,
Hamamatsu Photonics, Hamamatsu City, Japan) was also
used to detect corona UV-C light. The solar-blind sensor



was controlled by an electronic driver (C10807 driver,
Hamamatsu Photonics, Hamamatsu City, Japan), which
allows the sensor to operate safely while minimizing the
probability of false detections. The solar blind sensor is
directional, so it was placed inside the low-pressure
chamber facing the needle-plane electrode and connected
to an external computer via the USB-6000 DAQ device.
The experimental setup was controlled by a Python code
written by the authors of this work.

Fig. 3 shows an example of the corona images captured by
the BI-CMQOS imaging sensor.

Fig. 3. Long-exposure image of a corona discharge on the tip of
the needle-plane electrode taken with the BI-CMOS sensor.

3. Method

This section describes the procedure wused to
experimentally determine the corona inception voltage
(CIV) of the needle-plane electrode placed inside the low-
pressure chamber.

Fig. 4 describes the flow diagram of the method applied to
determine the CIV value.

Flush and fill the low-pressure
chamber with fresh air

v

Adjust the test frequency
and pressure

'

Increase the applied voltage in 10 V steps. Collect data from the
UV-C sensor and send it to the computer. Record pressure,
temperature, voltage, and frequency if corona is detected.

!

Increase the applied voltage in 10 V steps. At each step, a long

exposure image is taken with the CMOS sensor and sent to the

computer. A Matlab ® script processes the image and finds the

corona discharges. Record pressure, temperature, voltage, and
frequency if corona is detected.

|

Select next frequency (50, 200, 400, 600, 800 Hz)
Select next pressure (100, 80, 60, 40, 20 kPa)

)’

3 repetitions

End

Fig. 4. Process to determine the value of CIV using the three
methods of detection.
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For a given frequency and pressure, the CIV value
resolved by each sensor (solar blind and BI-CMOS
sensors) was determined by progressively increasing the
high voltage applied to the needle until corona activity
was detected by the. Since an iterative procedure was
used, a Python code was programmed to control the
power source in order to speed up the measurement
process. This code automatically sets the frequency of the
power supply, adjusts the pressure of the low-pressure
chamber to the desired value, increases the voltage, and
records the CIV value and other experimental data. Three
replicates of each experimental condition were also
performed to determine the scatter of the results.

4. Results

Table | summarizes the CIV values obtained by using the
solar blind UV-C sensor and the BI-CMOS imaging
sensor according to the experimental setup shown in Fig.
2 when analysing different frequencies (50 Hz, 200 Hz,
400 Hz, 600 Hz, 800 Hz and 1000 Hz) and different
pressures (100 kPa, 80 kPa, 60 kPa, 40 kPa and 20 kPa).

Table I. Experimental CIV values for the needle- plane
electrode geometry versus pressure and supply frequency

UV sensor BI-CMOS sensor

Mean
value

Mean

Press.| Freq. value Min | Max Min | Max

50 Hz | 2.934 (2.872| 2.967 |2.889|2.818| 2.934

200 Hz| 2.799|2.749| 2.844 |2.719|2.655| 2.816

100

kPa 400 Hz

2.741)|2.712| 2.773 |2.737 |2.641| 2.786

600 Hz| 2.703 |2.671| 2.767 |2.781|2.751| 2.834

800 Hz| 2.672|2.619| 2.777 |2.759|2.715| 2.846

50Hz|2.512|2.397| 2.579 |2.562 |2.452| 2.628

200 Hz| 2.425|2.383| 2.493 |2.485|2.441| 2.555

80

kPa 400 Hz

2.397|2.372| 2.447 |2.387|2.355| 2.433

600 Hz| 2.355|2.305| 2.446 |2.43412.392| 2.518

800 Hz| 2.363 |2.325| 2.436 |2.379|2.361| 2.413

50Hz|2.112|2.041| 2.164 |2.091 |1.998| 2.182

200 Hz| 2.065 |2.045| 2.103 |2.061 |1.993| 2.161

60

KPa 400 Hz

2.020(1.968| 2.084 |2.072|2.028| 2.124

600 Hz| 2.027|1.987| 2.086 |2.086 |2.064| 2.129

800 Hz| 2.022 |1.984| 2.096 |2.056 |2.031| 2.069

50Hz|1.673|1.666| 1.685 |1.672|1.632| 1.716

200 Hz| 1.626 |1.602| 1.657 |1.683|1.658| 1.715

40

KPa 400 Hz

1.627|1.599| 1.682 |1.657 |1.640| 1.672

600 Hz| 1.629|1.588| 1.691 |1.664 |1.657| 1.676

800 Hz| 1.631|1.581| 1.688 |1.669 |1.651| 1.701

50Hz|1.169|1.152| 1.188 |1.186|1.118| 1.231

200 Hz| 1.140|1.121| 1.158 |1.185|1.155| 1.227

20

kPa 400 Hz

1.156 |1.144| 1.179 |1.197 |1.177| 1.217

600 Hz| 1.143|1.127| 1.170 |1.189(1.185| 1.191

800 Hz|{ 1.150|1.134| 1.180 |1.209 |1.186| 1.236




For a better visualization of the data, the results presented
in Table | have been plotted in Fig. 5.
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Fig. 5. CIV values performed for the needle-plane electrode
geometry detected by the UV-C and the BI-CMOS sensor for
various atmospheric pressures and supply frequencies.

The results presented in Fig. 5 clearly show that as
predicted by Peek [19] and Paschen's laws, the CIV values
obviously decrease with decreasing values of atmospheric
pressure. They also show that the CIV value tends to
decrease with increasing power frequency, although this
dependence is less pronounced and in some cases within
the experimental inaccuracies and variability inherent in
the complex corona behaviour. Other previous work has
also reported this trend [20]. The results presented in Fig. 5
also show that the effect of frequency decreases as the
atmospheric pressure reduces.

Finally, Table Il illustrates the difference in CIV values as
measured by the UV sensor versus the BI-CMOS sensor.
Note that positive values in Table |1 indicate that the UV-C
sensor requires a higher voltage than the BI-CMOS to
detect the CIV, in this case indicating a smaller
sensitivity, while negative values indicate a higher
sensitivity of the UV-C sensor.

Table 11. Percentage difference in the CIV values measured by
both sensors for each frequency-pressure level using the needle-
plane geometry.

Air pressure

100 kPa|80 kPa|60 kPa |40 kPa |20 kPa
50 Hz [1.53% |[-1.95% |1.02% |0.02% |-1.49% |-0.17% -
200 Hz|2.95% |-2.44% (0.18% |-3.37% |-3.83% |-1.30%| 2
400 Hz|0.15% |0.45% |-2.54% |-1.79% |-3.43% |-1.43% %
600 Hz|-2.82% |-3.27% |-2.84% |-2.10% |-3.9% -2.99%§
800 Hz|-3.15% |-0.67% |-1.65% |-2.30% |-4.88% |-2.53%|

-0.27% |-1.58%|-1.17%|-1.91%|-3.51%

Column average

The data summarized in Table Il indicate subtle
differences in sensor sensitivity, with the UV-C sensor
exhibiting slightly higher sensitivity compared to the BI-
CMOS sensor, especially at low pressure and higher
frequency operation.

It should be noted that the UV-C sensor provides a
frequency signal proportional to the intensity of the
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detected UV-C light, but it is not an imaging sensor. This
means that this sensor is able to detect the corona activity
and the approximate direction of the UV-C light, but does
not allow the exact location of the corona source. In
contrast, the BI-CMOS imaging sensor can do both,
determining the intensity of the corona activity and the
exact localization of the corona source.

4. Conclusion

This experimental study investigated the influence of
pressure and frequency on visual corona detection using a
solar blind UV-C sensor and a BI-CMOS imaging sensor.
A needle-plane electrode geometry was analysed that was
placed in a low-pressure chamber to reproduce the low-
pressure environment characteristic of aircraft flight
altitudes. In addition to the pressure, which was studied
in the range of 20 - 100 kPa, the frequency of the power
supply was varied from 50 Hz to 800 Hz. Both variables,
especially the pressure, have shown important effects on
the CIV value. The results show a significant decrease in
CIV with decreasing air pressure, such that in the 100-20
kPa range, the CIV decreases by approximately a factor
of 2.5:1. Frequency also has an effect on the CIV, but it
is much smaller, so that the CIV tends to decrease with
increasing frequency. The effect of frequency also
decreases with atmospheric pressure.

Both sensors showed a very similar sensitivity, i.e. they
provided very similar CIV values for all analysed
experimental conditions. The solar blind UV-C sensor
performed slightly better than the BI-CMOS sensor at
higher frequencies and lower pressures.

Finally, it should be noted that the UV-C sensor provides
a frequency signal proportional to the intensity of the
detected UV-C light, but does not allow direct
localization of the corona source. In contrast, the BI-
CMOS imaging sensor provides a direct and accurate
localization of the corona source.
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