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Abstract

:

Strict regulations issued by international administrative bodies limit the CO2 equivalent emissions for new aircraft, while increasing efficiency requirements. To reach this goal, next generations of aircraft will use more electrical power than their predecessors, so distribution voltage levels will inevitably increase to limit the weight of the electrical wiring interconnect system (EWIS). However, such increased voltage levels generate higher electric stresses in insulation materials as well as in electric and electronic components; thus new failure modes triggered by electrical discharges will appear, their effects being aggravated by harsh environments typical of aircraft systems. The combined effect of higher electrical stresses, compact designs, and low-pressure operating conditions greatly intensifies the risks of premature insulation failure due to electrical discharge activity. This paper shows that by using image sensors, it is possible to detect, localize, and quantify the intensity of electrical discharges occurring in aircraft environments. Through experiments carried out in a low-pressure chamber using an image sensor, this work detects and determines the intensity of electrical discharges generated in electrical wires in their initial stage, long before major faults develop. This paper also shows that the intensity of the discharges calculated from the digital images obtained with the image sensor is directly proportional to the electrical energy involved in the discharge process and increases linearly with the applied voltage. Due to the difficulty of detecting these failure modes at a very early stage, this strategy could potentially facilitate predictive maintenance tasks while contributing to increased levels of aircraft safety.
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1. Introduction


Strict regulations issued by the International Civil Aviation Organization (ICAO) [1] and other administrative bodies limit and reduce CO2 equivalent emissions for new aircraft, while increasing efficiency requirements. Therefore, future aircraft will have greater efficiency, less environmental impact, and lower fuel consumption. Therefore, the aircraft of the future will have greater efficiency, lower environmental impact, and lower fuel consumption. Another important objective is to facilitate maintenance tasks by increasing safety levels [2]. Therefore, future aircraft must be more electric, so the more electric aircraft (MEA) has emerged as an alternative and a transition to the all-electric aircraft (AEA). Due to increased electric power demand from MEA and AEA aircraft, in order to limit the weight of the electrical wiring interconnect system (EWIS), distribution voltage levels will increase [3]. However, increased voltage levels will generate higher electric stresses in insulation materials and in electric and electronic components, thus producing new failure modes. The forecast indicates that future generations of aircraft could operate with voltages in the range of 1 kV [4] to 4.5 kV [5]. Unpressured areas of commercial jetliners must withstand ambient pressures in the approximate range of 100–10 kPa [6], so the pressure at maximum altitude can be as low as 10% of the pressure at sea level, thus favoring the inception of electrical discharges since the dielectric strength of the air is greatly reduced with pressure [6,7]. Commercial aircraft flight altitudes are in the range of 9.5–11.5 km with a maximum height of around 15 km [8], although military aircraft can fly higher. Therefore, nonpressurized aircraft compartments must withstand pressures in the range of 100–10 kPa, that is, 100%–10% of sea-level atmospheric pressure, respectively, and extreme environmental conditions [9], which, together with higher operating voltages and compact designs, affect the behavior of wiring insulation materials [10,11]. Therefore, during cruising, wiring systems, electric circuits, and electronic components found in nonpressurized areas are more prone to the damaging effects of electrical discharges [10,12] compared with ground-level operation [11], because discharge activity increases at lower pressure [13].



This higher electric stress, combined with the harsh environmental conditions (particularly the low-pressure environment) and the high compactness characteristic of aircraft systems, will result in higher electrical stresses in aircraft insulation materials and systems. These conditions increase the probability and intensity of different types of electrical discharges [14]. Common types of electrical discharges in insulation systems include surface discharges, arc tracking, arcing, and finally electric arcs. Electrical discharges produce measurable effects, such as acoustic and electromagnetic noise, visible light and ultraviolet (UV) emissions, current pulses, diverse types of chemicals, and heating.



Partial discharges (PDs) are a type of electrical discharges that develop between two electrodes separated by an insulating medium (either gaseous, liquid, or solid) when the dielectric strength of the insulation is exceeded by the local electric field. Their effects are constrained to the vicinity of the electrodes, so they do not completely bridge the insulation pathway between the electrodes [15]. When dealing with gaseous insulation media, PDs are known as corona, which are radiant discharges that occur under the effect of inhomogeneous electric fields [16] that exceed a critical threshold value [17,18].



As indicated by the IEC 60112:2020 standard [19], the tracking activity produces a progressive growth of conductive tracks or paths on the surface or even inside a solid insulating medium due to the joint effect of high electric stresses and electrolytic contamination. The continuous effect of the electrical discharges on polymeric insulation systems over time produces chemical modifications due to the flow of electrons at the discharge sites [20], increasing their temperature, gradually degrading insulation materials, and increasing the risk of discharge occurrence. Although not very damaging in the short term, in the long term, the cumulative chemical changes due to the bombardment of PD-released electrons [20] will eventually produce major faults [21] as they generate conductive paths or tracks on the surface of the polymeric material. These tracks tend to favor the circulation of an electric current, which increases the temperature in the conductive path, further damaging the insulation, weakening the insulating material, and promoting arcing activity [22] between adjacent wires. The successive electrical discharges widen the existing tracks, causing arc tracking [21], spreading the damaged area with the consequent risk of fire [23]. When initiated on insulated wires, arc tracking first generates low-magnitude surface discharges that pyrolyze the insulating material and create partly conducting paths. These paths, in turn, promote low-magnitude intermittent surface discharges that increase the temperature and further damage the insulation [24]. Given that in the early stage the energy associated with arc tracking discharges is very low, its early detection is very complex [25], being an unsolved problem.



Aircraft maintenance is strictly regulated by international standards to ensure proper and safe flight operation. However, maintenance costs are highly dependent on aircraft technology. Due to the greater ease of measuring electric signals, MEA and AEA aircraft allow maintenance tasks to be simplified and costs to be reduced due to the replacement of hydraulic and pneumatic systems with electrical systems. Today’s wide-body airliners have many kilometers of wires, complex wiring harnesses, and thousands of different components, such as terminations, clamps, or connectors, often placed inside ducts, conduits, or troughs [26], which makes fault detection and maintenance tasks difficult. Due to the low energy involved in electrical discharges in their initial stage, their effects remain undetected by onboard protections, although their continuous effect tends to damage wiring insulation [27], eventually causing major faults [28] if corrective actions are not applied. To this end, the selection of suitable insulating materials combined with improved wiring harness layout designs and the application of a plan for discharge monitoring can reduce the occurrence and severity of discharges because remedial actions can be applied well in advance of the development of critical faults [29].



It is well known that, at an early stage, surface discharges that occur in wiring insulation systems generate UV and visible light. Therefore, the use of imaging sensors to detect, locate, and quantify the intensity of such discharges is advantageous over other conventional methods due to the noisy environments where the wiring systems are placed and the relative immunity of optical sensors to electromagnetic and acoustic noise, where conventional electromagnetic or acoustic methods for discharge detection would fail [30,31]. This paper contributes in this area, since surface discharges that occur in the insulation of electric wires are detected, located, and their intensity estimated using image sensors. The estimation of the intensity of the discharges and their temporal evolution opens a new field for the development of state of health and remaining useful life approaches, which could be potentially applied in predictive maintenance strategies. This is an open field that requires more study and experimental works.



This work focuses on the optical detection, location, and quantification of the intensity of surface discharges in their early stage produced in insulated wires operating under aeronautic pressure conditions. This is a new approach, since due to the low initial energy of such discharges, they remain undetected when conventional electrical protections are used. The discharges are detected, located, and quantified using a low-cost imaging sensor that is sensitive to visible light and partially sensitive to the near UV spectrum. To validate the effectiveness and accuracy of the proposed approach, the behavior of aeronautic ETFE insulated wires is studied in the 100–10 kPa range under alternating current supply in the frequency range of 50–800 Hz. This frequency range was selected to cover 50 Hz power grid frequency, 400 Hz constant frequency, and 320–800 Hz wide frequency currently in use in aircraft systems [26]. This new approach makes it possible to detect and locate discharge sites at a very early stage, as well as determine their intensity, which can be very useful in facilitating maintenance tasks and increasing the safety levels of next-generation aircraft. Although this paper is focused on monitoring electrical discharges in aeronautical wires, the methods proposed here can be applied to other applications where electrical discharges occur, such as transmission lines and electrical substations installed in high-altitude regions or plasma surface treatments, among others.



This research paper is organized as follows: Section 2 details the applied image processing approach for determining the intensity of the digital images of the discharges, which is directly related to their electrical energy, as shown in Section 4. Section 3 describes the experimental setup including the analyzed ETFE notched wires used to carry out the experiments. Section 4 summarizes the experimental results obtained in a low-pressure chamber and discusses the results obtained, and finally, Section 5 concludes this document.




2. Image Processing Approach


This section describes the approach applied to determine the intensity or magnitude of the discharges directly from the information provided by the digital images. The digital images of the discharges analyzed in this paper are acquired using a conventional digital imaging sensor, and the intensity of the discharges is calculated by appropriate processing of such images. This section also shows that the intensity of the images obtained using this approach is directly related to the electrical energy involved in the discharges so that the intensity of the discharges is a reliable indicator of the severity or magnitude of the insulation faults, which has enormous potential for predictive maintenance approaches.



Image sensors are sensitive to the optical emission generated by the discharge process [32], so they are increasingly applied to detect the electrical discharges [2]. Light photons are released as a consequence of the different electron transitions generated by the discharge process, such as electronic excitation, recombination, or ionization [33]. Since commercially available image sensors are composed of an array of tiny photodiodes, they allow not only for locating discharge sites but also for quantifying their intensity, which is essential for the safe, reliable, and stable operation of aircraft power systems [34]. Different works have shown that digital images allow the detection and localization of discharge sites in samples of polymeric insulating samples [35,36,37]. Other works have revealed that the energy dissipated by the electrical discharges is correlated with the number of photons generated during the discharge process and, therefore, with the intensity of the images obtained with digital cameras [2,34,38,39]. However, none of these works study the discharge behavior of aeronautical wires, so this paper contributes to this field.



2.1. Normalized Intensity of the Discharges Obtained from the Digital Images


Digital RGB images IRGB acquired by image sensors can be assumed to be a matrix of m × n pixels. To obtain the intensity of the discharges, the RGB image is first converted to a grayscale image. Next, the intensity of the discharge is calculated within a window that includes the discharge. The effect of background noise is minimized by taking a second window of the same size, containing only background noise. Next, the pixels in the second window are subtracted from the pixels in the first window, as shown in Figure 1.



It should be noted that the discharge sites are located directly from the digital images, and their intensity is determined from (1), as shown in Figure 1:


  I N  T  n o r m   = 100     ∑  i = 1  m     ∑  j = 1  n   [  I     g r a y          ( i , j ) −  B     g r a y      ( i , j ) ]   n × m × 255    



(1)




where Igray(i,j) is the grayscale intensity of the (i,j) coordinate of a window of dimensions m × n centered in the image of the discharge, while Bgray(i,j) is the grayscale intensity of the (i,j) coordinate of a window of the same dimensions capturing the background of the image, as shown in Figure 1.




2.2. Electrical Power due to the Discharges


It is well known that the apparent electrical power can be calculated as


  S =  I  R M S   ·  V  R M S    



(2)




IRMS and VRMS being the root mean square (RMS) values of the current and voltage, respectively.



The discharges have a very short duration, in the order of fractions of microseconds, generating high-frequency components. Electrical discharges occur at different locations on the voltage waveform, so all discharges have their own voltage, which is not constant throughout the life of the discharge. Due to their low amplitude, discharges are better detected by analyzing the current waveform than the voltage waveform. Therefore, care must be taken when calculating Equation (2), as shown in Figure 2. It is important to note that to determine whether or not a discharge occurs, a threshold value of 1.2 times the maximum amplitude of the background noise acquired by the current probe was selected.



Finally, as explained in Figure 2, the electrical energy of the discharges in one period of the power supply is determined as


   E  discharges   =   ∑  j = 1   d i s c h arg e s     S  discharge     j    · Δ  t j   



(3)




where Sdischarg j is described in Figure 2 and Δtj is the duration of each discharge.



It is important to note that one full acquisition consists of 10 million samples spaced at 2 ns steps, resulting in a 20 ms acquisition. Regardless of the frequency of the waveform, the duration of the acquisitions is the same for all the experiments. This allows a direct comparison between electrical energy and image intensity, given that image acquisitions have a constant duration of 32 s for all experiments.



Discharge pulses are very fast, lasting a few fractions of a microsecond. Therefore, in 20 ms (corresponding to 8 complete periods at 400 Hz), a large number of discharges can occur, depending on the applied voltage. To capture the full discharge pattern, the discharge pulses must be acquired very fast (time steps of 2 ns in this work), so the average energy of the discharges is obtained in a time period of 20 ms. However, the image sensor is much slower (not as sensitive) as it needs to capture a sufficient number of photons. Therefore, 32 s long exposure photographs were taken.



In Section 4, it is shown that the normalized intensity of the images is directly proportional to the square root of the electrical energy involved in the discharges since the sensitive elements of the image sensors produce an electrical response proportional to the amplitude of the incident light wave. This is because the amplitude of the signal detected by any individual sensitive element of the image sensor is directly related to the amplitude of the optical radiation propagating over the sensor, while the energy is proportional to the square of the amplitude.





3. Experimental Setup


This section details the aeronautic ETFE insulated wire samples used to experimentally validate the behavior and accuracy of the surface discharge detection, location, and quantification method described in Section 2. It also describes the instrumentation used to detect, locate, and quantify the intensity of the discharges.



3.1. Analyzed Intentionally Damaged Insulated Wires


It should be noted that the wire electrodes discussed in this section attempt to emulate the surface discharges that occur in real aircraft environments under laboratory conditions at an early stage, when they are of very low energy, long before appreciable insulation damage is produced.



The insulated wires analyzed in this paper were intentionally damaged according to the practice described in the European standard EN 3475-603:2018 [40]. They comprise two parallel insulated wires. While one wire is connected directly to the high-voltage electrode, the other wire is connected to the ground. Each wire is about 0.5 m long, and the insulation layers of both cables were intentionally damaged. To this end, the insulation layer was cut all the way around the circumference, so that 1 mm of insulation length was removed, as shown in Figure 3. To produce regular cuts in the insulation layer, that is, to artificially damage the studied wires, a wire-stripping tool (KNIPEX ErgoStrip, Wuppertal, Germany) was used. Lacing tapes are used to subject the mating wires, while ensuring they are straight and parallel and have continuous contact throughout the test area. The wires were cleaned with a cloth soaked in isopropyl alcohol before testing.



Insulation materials for aircraft wires must be carefully selected to minimize arc tracking activity. Ethylene tetrafluoroethylene (ETFE) is among the most used insulation materials in aircraft wires [41]. Although applied in the past, insulation materials such as polyimide (Kapton®) are no longer used in new aircraft models due to the chemical changes they undergo when exposed to the combined effect of mechanical stress, heat, and moisture [41,42]. PVC is not used in aircraft wires due to the known problems related to dry arc tracking [43].



This work deals with AWG 24 ETFE insulated wire samples, whose properties are shown in Table 1.




3.2. The Low-Pressure Chamber


Aeronautical pressure conditions are emulated by means of a low-pressure chamber formed by a cylindrical stainless steel vessel (height = 375 mm and diameter = 260 mm). It is sealed with a methacrylate lid that allows wireless communication to wirelessly transfer the digital images of the discharges to an external computer. The pressure is automatically regulated using a vacuum pump (2BA, 1/5 HP, 4.2 CFM, Bacoeng, Suzhou, China) and a P11-50KF0G4P digital pressure sensor (range: −100–0 kPa, precision: 1% FS, NEMSR, China). The three elements are connected in a closed control loop.




3.3. The Electrical Instrumentation Used


To determine the electrical energy of the discharges, the voltage and discharge current waveforms were acquired synchronously by means of a high-performance oscilloscope (MDO3024, 200 MHz, 2.5 Gsamples/s, Tektronix, Beaverton, OR, USA). Each oscilloscope acquisition consists of 10 Msamples per channel, recorded over a 20 ms period at a sampling rate of 0.5 Gsamples/s. As shown in Figure 2, the discharges can be seen as rapid oscillations in the current waveform with a total duration of around 1 μs.



Figure 4 shows a flow diagram of the measurements carried out to acquire the discharges.



Figure 5 shows a sketch of the experimental setup used to acquire the discharges.



Variable frequency high-voltage was generated by connecting a programmable ac source (SP300VAC600W, 15–1000 Hz, 0–300 V, ±0.1 V, APM Technologies, Dongguan, China) to a single-phase transformer (VKPE-36, 1:100, 36 kV, Laboratorio Electrotécnico, Cornellà de Llobregat, Spain). The voltage was measured using a high-voltage probe (CT4028, 0–39 kVpeak, 1000:1, accuracy better than 3%, dc to 220 MHz, Cal Test Electronics, Yorba Linda, CA, USA).



The current was measured by means of a current probe (TCP0030A, dc to 120 MHz, accuracy of 1 mA, Tektronix, Beaverton, OR, USA), which was placed around the ground the wire to detect the discharge current flowing from the high-voltage electrode to the ground.



Digital images were acquired using a back-illuminated CMOS image sensor (IMX586, sensor size of 8.0 mm, cell size of 0.8 μm × 0.8 μm, 48 Mpixels, 30 frames/s, lens focus of 17.9 mm, Quad Bayer filter array, raw format, Sony, Tokyo, Japan), taking 32 s long exposure photographs. This sensor is sensitive to visible and near UV light [44].





4. Experimental Results


This section summarizes the electrical measurements and the experimental results obtained with the IMX586 back-illuminated CMOS image sensor.



4.1. Digital Images of the Discharges


To measure the intensity of the discharges, long-exposure photographs of 32 s were taken inside the low-pressure chamber. Figure 6 shows some of the digital images acquired under different conditions of voltage, pressure, and electrical frequency as well as the currents and voltages acquired by the oscilloscope. From the images, it can be deduced that higher frequencies produce more intense light emissions for similar conditions of voltage and pressure, even in an incipient state. Regarding the effect of pressure, it can be seen that compared with higher pressure, at lower pressure, the intensity of the discharges increases faster with increasing voltage levels. From the digital images, it is evident that the electric field is stronger around the notches intentionally made in the insulation layer of the wires, resulting in a higher discharge activity.




4.2. Results Obtained with ETFE Samples


Figure 7 summarizes the results of the square root of the electrical energy involved in the discharges, whose values were calculated by processing the voltage and current waveforms due to the discharges following the procedure detailed in Section 2.2. From the results presented in Figure 7, it can be seen that the square root of the electrical energy of the discharges increases linearly with the applied voltage, so they show that discharge activity increases with the applied voltage. It is also deduced that the rate at which the square root of the electrical energy increases with voltage is nearly constant for a given frequency, regardless of the applied pressure. Results presented in Figure 7 also show that for a given applied voltage, discharge activity increases when reducing the pressure. They also show that the minimum voltage at which discharge activity is detected decreases with the ambient pressure.



Figure 8 summarizes the results of the normalized intensity of the discharges, whose values were obtained from the digital images generated by the image sensor after a suitable postprocessing described in Section 2.1. The results presented in Figure 8 clearly show that the normalized intensity of the discharges increases linearly with the applied voltage. Results presented in Figure 8 also show that for a given applied voltage, discharge intensity detected by the image sensor increases when reducing the pressure. They also show that the minimum voltage at which discharge activity is detected by the image sensor decreases with the ambient pressure.



Table 2 summarizes the main parameters of the linear regression between the square root of the electrical energy of the discharges versus the applied voltage and the normalized image intensity versus the applied voltage. The high values of the coefficient of determination of these regressions show the linearity between Edischarges1/2–V and INTnorm–V. Thus, one can conclude that the square root of the energy of the discharges and the intensity of the digital images are related.



Figure 9 shows the values of the normalized intensity of the discharges versus the square root of the electrical energy for different pressures in the range of 100–10 kPa and for frequencies of 50, 400 Hz, 800 Hz. The linearity between both magnitudes is noted, thus proving that the normalized intensity of the discharges is proportional to the square root of the electrical energy of the discharges. These results suggest that the number of photons generated by the discharge activity is directly related to the energy of the discharges, so the intensity of the discharges calculated from the digital images can be used as a reliable indicator to quantify the severity of the discharges.



Table 3 summarizes the main parameters of the linear regression between the normalized intensity of the discharges and the square root of the electrical energy for the different pressures analyzed in the range of 100–10 kPa. The results presented in Table 3 show the linearity between both magnitudes as deduced from the high values of the determination coefficient R2.





5. Conclusions


The new aircraft designs are more electrified than the predecessors due to the strict regulations issued by different international agencies that limit the CO2 equivalent emissions in the new models. The use of more electrical energy implies an increase in the distribution voltage levels to limit the weight of the electrical wiring systems, thus increasing the electrical stress on the insulation materials, which together with the low pressures typical of aeronautical environments favor the development of electrical discharges. However, in their early stage, electrical discharges that occur in wiring systems often go unnoticed due to their low intensity and because wiring systems are often placed in inaccessible aircraft areas, such as ducts, conduits, or troughs. These difficulties make fault detection and maintenance tasks extremely difficult. This paper proposes an experimental approach to detect, locate, and quantify the intensity of electrical discharges that occur in wiring systems in the incipient stage using digital image sensors. To this end, a large set of tests was carried out in a low-pressure chamber to emulate the pressure found in unpressurized areas of aircraft. The tests were conducted using ETFE insulated wires. The results presented in this paper confirm that the intensity of the discharges calculated from digital images acquired with a conventional image sensor allows for detecting, locating, and quantifying the energy involved in the discharge process in the early stage long before major failures develop. The results presented also show that the intensity of the discharges determined from the digital images obtained with the image sensor is directly proportional to the electrical energy involved in the discharge process and increases linearly with the applied voltage. This approach could potentially ease predictive maintenance tasks while helping to increase aircraft safety levels.
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Figure 1. Calculation process of the normalized intensity of the discharges obtained from digital RGB images. 
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Figure 2. Calculation approach to determine the energy involved in the discharges. 
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Figure 3. ETFE-insulated pair of wire samples used to analyze the inception of the partial discharges. 
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Figure 4. Flow diagram of the experimental measurements. 
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Figure 5. Sketch of the experimental setup. 
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Figure 6. ETFE aeronautic wires. (a) Trends of the graphs shown in (b). (a) Long-exposure digital images of the surface discharges under the experimental conditions described in each image (frequency, pressure, voltage in peak values, and the normalized intensity of the image). (c) Oscilloscope captions of the discharges. 
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Figure 7. Experimental results of the ETFE aeronautic wires. Square root of the electrical energy versus voltage for air pressures ranging from 10 to 100 kPa. (a) 50 Hz, (b) 400 Hz, (c) 800 Hz. 
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Figure 8. Experimental results of the ETFE aeronautic wires. Normalized discharge intensity versus voltage for air pressures ranging from 10 to 100 kPa. (a) 50 Hz, (b) 400 Hz, (c) 800 Hz. 
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Figure 9. Normalized intensity versus the electrical energy of the discharges for air pressures ranging from 10 to 100 kPa and at 50, 400, and 800 Hz frequencies. 
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Table 1. Properties of the studied extruded ETFE insulated wire samples.
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	Properties
	Values/Description





	Manufacturer
	Thermax(Poona, India)



	Effective conductor diameter
	0.51 mm



	External diameter
	1.09 mm



	Insulation thickness
	0.24 mm



	Voltage rating
	600 V



	Temperature range
	−55 to 150 °C



	Specific gravity of insulation
	1.74 g/cm3



	Surface resistivity of insulation
	>1016 Ohm·sq



	Dielectric constant of insulation
	2.6



	Dielectric strength of insulation
	15 kV/mm



	Arc resistance of insulation
	122 s
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Table 2. Main parameters of the linear regression y = ax + b between the electrical energy of the discharges versus the applied voltage and the normalized image intensity versus the applied voltage.
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Frequency

	
Pressure

	
(Electrical Energy)1/2

	
Discharge Intensity




	
Linear

Regression

Parameters

	
Determination Coefficient

	
Linear Regression

Parameters

	
Determination Coefficient




	

	

	
a

	
b

	
R2

	
a

	
b

	
R2






	
50 Hz

	
100 kPa

	
0.010

	
−0.025

	
0.982

	
1.960

	
−3.206

	
0.981




	
75 kPa

	
0.009

	
−0.018

	
0.964

	
2.460

	
−3.557

	
0.972




	
50 kPa

	
0.009

	
−0.014

	
0.974

	
3.279

	
−3.858

	
0.963




	
30 kPa

	
0.008

	
−0.009

	
0.954

	
4.003

	
−3.112

	
0.952




	
10 kPa

	
0.009

	
−0.007

	
0.936

	
7.612

	
−3.749

	
0.983




	
400 Hz

	
100 kPa

	
0.026

	
−0.052

	
0.986

	
7.441

	
−17.257

	
0.996




	
75 kPa

	
0.027

	
−0.051

	
0.983

	
8.761

	
−16.932

	
0.997




	
50 kPa

	
0.025

	
−0.035

	
0.981

	
10.889

	
−16.388

	
0.992




	
30 kPa

	
0.028

	
−0.035

	
0.982

	
15.120

	
−17.645

	
0.995




	
10 kPa

	
0.019

	
−0.013

	
0.972

	
23.319

	
−16.384

	
0.991




	
800 Hz

	
100 kPa

	
0.036

	
−0.082

	
0.992

	
9.599

	
−20.980

	
0.983




	
75 kPa

	
0.035

	
−0.066

	
0.984

	
11.503

	
−23.129

	
0.983




	
50 kPa

	
0.033

	
−0.048

	
0.985

	
14.525

	
−20.046

	
0.971




	
30 kPa

	
0.036

	
−0.044

	
0.990

	
22.402

	
−25.976

	
0.982




	
10 kPa

	
0.022

	
−0.015

	
0.922

	
39.366

	
−28.455

	
0.977
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Table 3. Main parameters of the linear regression y = ax + b between the normalized intensity and the square root of the electrical energy of the discharges for ETFE insulated wires.






Table 3. Main parameters of the linear regression y = ax + b between the normalized intensity and the square root of the electrical energy of the discharges for ETFE insulated wires.





	
Pressure

	
Linear Regression Parameters

	
Determination Coefficient




	
a

	
b

	
R2






	
100 kPa

	
268.4

	
0.03

	
0.985




	
75 kPa

	
310.8

	
0.09

	
0.992




	
50 kPa

	
449.7

	
0.11

	
0.982




	
30 kPa

	
608.2

	
0.36

	
0.981




	
10 kPa

	
1597

	
−1.6

	
0.915

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Voltage
I

1.- Synchronous acquisition
of the wvoltage and the
current over a period

Ll

2.- Apply a threshold to the
acquired current to
determine whether or not a
discharge occurs

L1

3.- Select a window of N
points around the threshold
value (see Figure 2) and
apply the same window to
the voltage waveform.

L

4.- Calculate the apparent
power of each discharge as
S

ischarge =1 discharge, RMS .VRMS

L

2000
R
G 0
>
-2000 !
0 1 2 3 4 5 6 7 8 9 10
Samples %108
l_l Current
005 - I I T I T I T I -
8.‘ | l I|1 | ] I y I 1 [ ) I l || i | | || | ||
g O " I J 1 / T ' Y 1 m Y o
< [ l | | ) !
-0.051 1 1 1 1 1 1 1 1 1 ]
0 1 2 3 4 5 6 7 8 9 10
Samples %« 108
Discharge Voltage
-1000 | ' ' ' ' ' ' ' ' ]
2 1
< -1500 g S 1
> 2000 L .
1 1 1 1 1 1 1 | |
2 2.05 21 2.15 2.2 2.25 2.3 2.35 24 2.45 25
t (s) x107°
Discharge Current
" 005 L I I I | | I I I | ]
o
<
-0.05 I I I ! ! I L L ! =
2 2.05 21 2.15 2.2 2.25 23 2.35 24 2.45 2.5
t (s) x107°
Discharge RMS Voltage
I I I 1
,, 2000
E 1500 | ! T
1000 E=— .' : ., i
18 19 20 21
Number of discharges
%1073 Discharge RMS Current
8 T T T T
»n 6F -
£ af ]
< 2r .
0 = | 1 1 1 =
18 19 20 21
Number of discharges
Discharge Aparent Power
T T T T
0
101 — . 1
g 5 Sdisch arge ]RMS VRMS
> I
0 | | | 1
18 19 20 21
Number of discharges
. discharges
Electrical energy E.. _ ° ' ‘At
of the discharges: discharges dischargej =

5.- Calculate the electrical
energy involved in the
discharges as

discharges

Edischa:rges = At

S discharge j . J

Atj: duration o_f each discharge






media/file18.png
Discharge Intensity (%)

Discharge intensity at 50 Hz Discharge intensity at 400 Hz Discharge intensity at 800 Hz

10

8

!
§
!

(O8]
@)
S
@)

S 9 o ,
~ 25 .. ,. ~— ‘ 6 ".
B 2 Y 2 30 H S
P ¢ = ‘
o e 100kPa ¢ 20 3 57 e100kpa 2 ’ e’ e 100kPa
e’ o’ ® 75 kPa ERE s ¢ ®  e75kPa E 20 o v F e 75KkPa
‘.‘ ,.. 50 kPa S'b_‘)o 10 ‘o‘. 50 kPa Sb:[) ’ ."’.o 50 kPa
o 30 kPa £ S 30 kPa £ 10 I 30 kPa
e 10 kPa & ° Ca @ - ® 10 kPa
A e 10 kPa A A
0 0
2 4 6 8 0 2 4 6 8 0 2 4 6 8
Voltage (kVc,1) Voltage (KV pea) Voltage (kV ey

(a) (b) (c)





media/file13.png
400Hz 100kPa 2.48kV 2.7%

-

400Hz 75kPa 2.23kV 3.3%

-

400Hz 50kPa 1.85kV 4.1%

400Hz 30kPa 1.61kV 6.3%

400Hz 10kPa 0.984kV 6.7%

Voltage and discharge intensity increase

»

I
Pressure decreases

400Hz 100kPa 3.41kV 6.8%

400Hz 75kPa 2.97kV 8.9%

400Hz 50kPa 2.41kV 10.1%

400Hz 30kPa 1.97kV 12.1%

400Hz 10kPa 1.17kV 9.7%

400Hz 100kPa 4.33kV 14.2%

400Hz 75kPa 3.71kV 14.7%

400Hz 50kPa 2.96kV 14.7%

400Hz 30kPa 2.34kV 16.4%

400Hz 10kPa 1.35kV 13.7%

(b)

400Hz 100kPa 5.26kV 21.4%

400Hz 30kPa 2.71kV 22.1%

400Hz 10kPa 1.53kV 18.2%






media/file12.jpg
400 He 100 kP 248KV 400 He 100 KPa 341KV 400 He 100 KR 526KV

AT AT gf €% W ]
b R .Qw i !a,m i !
e R R "
P p—g— ey
AR | 1 S A
pr——— [r——— ——

17 VTR 7 1% 'E
Euioni s f&v‘.v‘vf.v‘vﬂv‘v.ss:.ww b
) e b
P ——

2" T &3
1 FAA it
h Teva e} Tene (ma)
R ——






media/file3.jpg
1.- Synchronous acquisition
of the voltage and the
current overa period

Enl

2- Apply a threshold to the
acquied  cument  to
determine whether or not a
discharge occurs

o e

Dl R Votge

il

3. Sclect a window of N
points around the threshold
value (see Figure 2) and
apply the same window to
the voltage waveform.

e

g Dy Curent

|

Eul

4 Calculate the apparent
power of each discharge as

(Sascharge = Lascharge pres Vierss

0

Eoschrges = ,)j Saistarges My

Elcricl cnergy
of e dicharges

5- Calculate the electrical
energy involved in  the

discharges as

L -
At duration of each discharge






media/file19.jpg
Discharge intensity (%)

100kPa
75kPa
S0kPa
30kPa
10kPa
SoHz
400Hz
800Hz

002

004

006 008
(Electrical energy) "2 (/)

o1

012

014





media/file7.jpg
Start

Chamberair 1s flushed to remove ozoneand 1s Filled with
fresh air until 20°C:+ 0.5 “C and humidity <25%. Next, [€—
pressure is set to desired value.

¥

Voltage is increased until discharges are
detected using the image sensor.

¥

Voltage is increased in 10 regular steps. At
each step, digital images are taken and
electrical waveforms are acquired.

Next test

End

Digital images and waveforms are processed
and discharge intensity and electrical energy
are calculated






media/file10.png
Voltage

1:100 HV

Wire samples
transformer -

Al

1]

i Vacuum Oscilloscope

pump

(« =

Image
sensor

A4

/,
Current® L
probe

Om |
"

Wi-Fi Low-pressure

AC power router chamber
source

Control computer





media/file14.png
Current (mA) Current (mA) Current (mA)

Current (mA)

Current (mA)

50

=]

-50

-1

400 Hz 100 kPa 2.48 kV

Time (ms)

400 Hz 75 kPa 2.23 kV

0 -5 0 5 10
Time (ms)

400 Hz 50 kPa 1.85 kV

Time (ms)

400 Hz 30 kPa 1.61 kV
TN
VIV VIV
’ ? Timeo(ms) ’ b

400 Hz 10 kPa 0.98 kV
AADAANAAT
VVIVVVV VY

Time (ms)

Voltage (kV) Voltage (kV) Voltage (kV) Voltage (kV)

Voltage (kV)

Current (mA) Current (mA) Current (mA)

Current (mA)

Current (mA)

400 Hz 100 kPa 3.41 kV

Time (ms)

400 Hz 75 kPa 2.97 kV

-10 -5 0 5 10
Time (ms)

400 Hz 50 kPa 2.41 kV

Time (ms)

400 Hz 30 kPa 1.97 kV

Time (ms)

400 Hz 10 kPa 1.17 kV

50 . . . 2
el 0
YA

-50 ' ' ' -2
-10 -5 0 5 10

Time (ms)

(c)

Voltage (kV) Voltage (kV) Voltage (kV) Voltage (kV)

Voltage (kV)

400 Hz 100 kPa 5.26 kV

Current (mA)

400 Hz 75 kPa 4.44 kV

Time (ms)

Current (mA)

-5

Time (ms)
400 Hz 50 kPa 3.51 kV

0

400 Hz 30 kPa 2.71 kV

Time (ms)

Time (ms)
400 Hz 10 kPa 1.53 kV
2
0
5 0 10
Time (ms)

Voltage (kV) Voltage (kV) Voltage (kV)

Voltage (kV)





media/file11.jpg





media/file6.png





media/file15.jpg
Electrical energy at 50 Hz Electrical energy at 400 Hz. ‘Electrical energy at 800 Hz

- qom
< Su
% B « 100w 10k
£ g 7k i
H Fom vy o
g : V. i o
] g “ -0k o
é €,

oz o4 e s ooz 4 e s o 2 4 o

Vot ) Volage (,e0) Votoge 0,0

@ ®) ©





nav.xhtml


  aerospace-10-00003


  
    		
      aerospace-10-00003
    


  




  





media/file16.png
Electrical energy at 50 Hz

0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

(Electrical energy)'? (J 1/2)

%
....’
g‘c‘ e 100 kPa

,’;: ® 75 kPa
s 50 kPa
Yol

>’ 30 kPa
® L e 10 kPa

2 4 6 8

Voltage (kV,c,1)

(a)

Electrical energy at 400 Hz

012

= 01

o .."

= 0.08 L

>

o0 & e 100 kPa

2 0.06 ¢

8 ‘,4} e 75 kPa

— ".

G 0.04 }3 50 kPa

& f 30 kPa

g 002 » o 10 kP

s, £ §
0 y) 4 6 8

Voltage (kV ea)

(b)

Electrical energy at 800 Hz

0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

(Electrical energy)V/2 (J 1/2)

0

o
@

*’

.
¥
A

2
.
¥ )
/ °s
2 4 6
Voltage (kV ea)

(c)

® 100 kPa

e 75 kPa
50 kPa
30 kPa

e 10 kPa





media/file2.png
RGB image

Discharge

Grayscale image

Discharge
“ nrows
o lgray(ij)
m columns
Background
) Bgmy(i’j ) n rows

m columns

RGB image

]RGB(ia ]) = {R(Za J)a G(la J)a B(la ])}
i, j;row andcdumnp csition
R, G, B: red, green, blue channels

Grayscale image

Ly (i, /) = 0.299- R(i, /) + 0.587-G(i, J)
+ 0.114-B(i, j)

Normalized window intensity

g: ﬁ: [Igm\‘ (I]) _Bgmv (I/)]

IN]:mrm = 1007:1]:1—.-
nxmx255

m, n: number of rows and columns of the
selected wind ow






media/file20.png
Discharge intensity (%)

.
* 134 o**
* . .
. . ®
** & *®
.
o ** «®
) o® ®
o 4 »
m .
R
.
[ X **
. [
* 3
“‘ “‘ llllllllll
.
JeL.
¢ s |
. [
* Py

0.06 0.08 0.1 0.12
(Electrical energy)'/? (/2





media/file5.jpg





media/file1.jpg
Grayscale image
RGB image






media/file9.jpg
1:100 HV.
transformer

Vol
Ve & prol

Vacuum Osilloscope
pump. )
WiFi | Lowpresure curfenth L
POWer  pouter chamber probe

source.
Control computer





media/file0.png





media/file8.png
(o)

Chamber air is flushed to remove ozone and is filled with
fresh air until 20°C + 0.5 °C and humidity <25%. Next, |€—
pressure is set to desired value.

v

Voltage is increased until discharges are
detected using the image sensor.

v

Voltage is increased in 10 regular steps. At
each step, digital images are taken and
electrical waveforms are acquired.

v N
(e )

Digital images and waveforms are processed
and discharge intensity and electrical energy
are calculated

Next test






media/file17.jpg
Discharge Intensity (%)

Discharge intensity at 50 Hz

Volisge (ye)

@

Discharge intensity at 400 Hz.

IS Erd
10
(274

i

P
Volage ()

®)

ke
£
Fey

vy
0w

Discharge intensity at 800 Hz.

€

Fa

i

in

B

i

H

o

Vologe 4,
©





