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Abstract

:

Due to the increase in electrical power demand, future more electric and all-electric aircraft designs will operate at higher voltage levels compared to current aircraft. Due to higher voltage levels and reduced operating pressure, insulation systems will be at risk. Air is the main insulating medium, and it is well known that its dielectric strength decreases considerably with operating pressure. Although electrical discharges can be detected by different techniques, optical methods are very attractive due to their sensitivity and immunity to acoustic and electromagnetic noise typical of aeronautical environments. This work analyzes the UV-visible spectrum of corona discharges and electric arcs in the 10–100 kPa pressure range, which covers most of the aeronautical applications, due to the lack of experimental data for this pressure range. The data presented in this work are important to select the most suitable optical sensors to detect electrical discharges at an early stage, before significant damage occurs. This approach will help implement preventive maintenance plans and increase aircraft safety. The results presented in this paper can also be applied to other areas, such as monitoring of discharges in power lines, particularly those located in high-altitude regions.
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1. Introduction


Due to the increasing demand of electric power in more electric aircrafts (MEA) and all electric aircrafts (AEA), distribution voltage levels are increasing [1,2] owing to weight limitations. Thus, the risks of premature damage to insulation systems [3] include, in order of increasing severity, surface discharges, arc tracking, arcing, and arcs [4]. In the initial stage, such phenomena manifest as partial discharges (PDs) and corona discharges [5]. While PDs form in solid and liquid insulation materials, corona manifests in gaseous insulation systems. Corona is a luminous and localized discharge generated in gaseous media in the presence of very non-uniform electric fields [6], when the strength of the electric field in the vicinity of an electrode exceeds a critical value [7]. Instead, electric arcs are luminous discharges that completely bridge the insulation between the two electrodes [8]. Under non-uniform gaps, the corona inception voltage is lower than the voltage required for complete air breakdown [9].



Persistent PDs tend to damage organic insulation materials due to chemical modifications induced by the flow of electrons at the discharge sites [10], which can generate a conductive path, thus favoring the circulation of an electric current, and a temperature rise that promotes arcing or complete breakdown [11]. Arcing often occurs between electrical wires insulated by a solid material once it chars. In general, at a very early stage, these discharges appear in the form of corona, which occurs in the region with the highest electric field intensity [8,12]. Thus, corona discharges generate failures in insulation materials, especially in low pressure environments representative of aircraft systems [13], since it is known that the development of electrical discharges depends largely on the density of air. According to Paschen’s curves [14], that were obtained for uniform field gaps, for a given air gap length, the minimum voltage to produce complete breakdown reduces with pressure. Since the dielectric strength of atmospheric air reduces with pressure, for a given voltage value, flashovers are more likely to occur when operating at a lower pressure. This is the case for jet aircrafts, private jets, or military aircrafts, which have cruising altitudes of 10–13 km range, up to 15 km, and above 15 km, respectively. Therefore, the pressure range to consider in aircraft systems is approximately between 100% and 10% of atmospheric pressure at sea level.



Future MEA and AEA designs will operate at voltages greater than 1 kV [13,15], even as high as 1.5–4.5 kV, higher dv/dt transient stress levels [16], higher power densities and higher ratios of compactness. Such conditions greatly increase the risk of electric discharge appearance [17], in the form of PDs, corona, arcing and arc tracking activity. Therefore, electric and electronic circuits found in unpressurized areas of the aircrafts are more prone to PD and corona occurrence [18], which present significantly lower inception voltages compared to those found at sea level. Therefore, insulation systems must be designed so that they are PD free for a wide range of pressures limited by those found in take-off/landing and cruise [19].



To comply with the strict aeronautic regulations, it is compulsory to minimize the risk of PDs, corona and arcing occurrence, which allows increasing the reliability of aircraft power systems, while minimizing failure incidence, enabling the application of predictive maintenance approaches [20], and increasing aircraft safety. Due to the stringent requirements related to the lightness and compactness of aircraft power systems, this is a demanding task for wiring and power system designers [21]. Strategies such as online or continuous monitoring of corona discharges facilitate the application of predictive maintenance strategies, which enable corrective actions to be applied before major failures develop [22], thus avoiding catastrophic failures. Today’s wide-body airliners incorporate hundreds of kilometers of cables and wires and hundreds of thousands of components for electrical wiring interconnecting systems (EWIS), such as terminations, clamps, connectors or splices. However, wires, harnesses, and most of the aforementioned components are placed inside ducts, troughs or conduits [23]. This makes it difficult to apply maintenance approaches because the problems related to discharges remain hidden, and especially in the early stage due to their low activity, so they go unnoticed by the electrical protections on board, although their uninterrupted effect eventually damages insulation systems [24] until a major failure occurs [25]. Although arcing and arc tracking are among the major electrical problems to be solved [26,27], often manifesting as corona discharges, their impact on future MEAs and AEAs is still poorly understood [28], for which it deserves thorough research. In addition, ducts, troughs or conduits in which harnesses and cabling systems are placed in aircrafts, are environments with very high levels of electromagnetic pollution. In such applications, optical sensors are attractive due to their immunity to electromagnetic and acoustic noise.



Corona activity produces different effects, including ultraviolet (UV), visible and infrared light [29,30], radio interference voltage, electromagnetic radiation, acoustic noise or generation of chemicals such as ozone or NOx, and even temperature changes [25]. Most strategies to detect the discharges are based on measuring some of these effects [31]. PDs and corona discharges are often detected by different methods, including acoustic, optical or electrical methods. In general, however, such methods do not allow the direct location of discharge points, or they require the use of multiple sensors and complex signal processing. Optical methods are appealing over other alternatives, due to their inherent immunity to electromagnetic and acoustic noise characteristics of aircraft environments. In [32] it was shown using conventional partial discharge detectors and image sensors, that the intensity of the discharges is related to the number of photons generated, while other works have shown that the energy of the light emitted by the discharges is related to the energy of discharges [33,34]. The use of image sensors is advantageous, since they allow to locate the discharge sites and to quantify the intensity of the discharges. Recent developments of low-cost, small-size, and high-resolution UV-visible image sensors [12,35] facilitate this task. This is a very interesting approach to analyze the evolution of the discharges and predict the end of life of the insulation, which can very useful for predictive maintenance, a hot topic that in this field which is totally open, requiring research and extensive experimental plans.



This work studies the UV-visible spectrum of corona discharges and electric arcs in the 10–100 kPa pressure range, which is typical of aircraft applications. To the authors’ knowledge, there is a lack of experimental data for this pressure range typical of aircraft applications, i.e., at variable pressure, so this paper contributes in this area. The information obtained in this paper is important in order to select the most suitable sensors to enable the detection of discharges in their initial phase, long before major damage occurs, while complementing the current on board protections, which act once faults have developed. In this way, it is possible to prevent the development of major insulation faults, apply preventive maintenance approaches and increase aircraft safety. This is an important research topic, due to the implications in next generations of aircrafts and also due to the lack of experimental work in this area. The results presented in this paper can also be applied to other areas, such as to monitor discharges in power lines, especially those located in high-altitude regions.



The rest of the article is organized as follows. Section 2 reviews previous studies focused on the characterization of corona discharges and electric arcs in atmospheric air. Section 3 details how the raw spectral data provided by the spectrometer was processed. Section 4 details the experimental setup used in the experimental part, including the high-voltage source, the analyzed electrodes, the electrical instrumentation used and the spectrometer. Section 5 presents and discussed the experimental results, and finally, Section 6 concludes this experimental paper.




2. Previous Studies


This section reviews previous studies on the emission spectra of corona discharges and electric arcs in air, and in other gases. The emission spectrum of chemical compounds or elements originates from the photons emitted by the excited electrons that transit from a high-energy state to a lower-energy state, so that the energy of the photons emitted is equal to the energy difference between the initial and final energy states. Since many electron transitions are possible for a given chemical element, each transition has a characteristic energy change, so that adding all the different transitions provides the emission spectrum. For a given molecule, vibrational, rotational, combined vibrational and electronic transitions are possible, often leading to closely spaced spectral bands. Emission spectra often include a spectral continuum made up of unresolved bands.



In an earlier work [36], the optical emission spectra of corona discharges in SF6 gas and in atmospheric air were studied, showing evident differences, although it was stated that no difference was observed for different pressures of SF6 gas in the range of 100–500 kPa. In [37] the emission spectra of corona discharges in different gases, including air, He and N2 at a pressure of 3 atm. were analyzed, showing evident differences for the different gases. In [38] it was concluded that the emission spectrum of H2 is mainly in the visible region, although a smaller part is in the IR, while the emission spectrum of SF6 gas is in the UV and within the blue-green region of the visible. The emission spectrum of transformer oil is mainly in the 350–700 nm, but it depends on the composition of the oil, as transformer oil is predominantly composed of hydrogen and hydrocarbons. Therefore, the emission spectrum depends on the nature of the gas, since the characteristic bands are related to the chemical components of the gas. In [39], the spectral emissions of corona discharges under a positive impulse voltage in air at atmospheric pressure were measured in the UV-visible region, concluding that strong radiation and a clear band sequence structure is found in the 300–450 nm near-UV region, but in the visible region the radiation is much weaker and the spectrum is more complex. In [29], the electromagnetic spectra of electric arcs were measured within the 200–1100 nm range by applying voltages of 50 Hz up to 80 kV, where important emissions within the UV region were measured. In [30,40] the optical spectra of arc discharges at different supply frequencies in the ranges of 13.5–100 kHz and 5–130 kHz were presented, showing similar spectral responses regardless of the supply frequency, although under DC supply a different response was reported.



According to [38], the light spectrum of the discharges depends on their intensity and the nature of the insulation medium (solid, liquid or gas), as well as weather factors such as pressure or temperature. In [38], it was stated that N2 governs the optical emission spectrum of electrical discharges in atmospheric air, where about 90% of the total optical energy emitted is in the UV region, mainly in the 280–405 nm spectral range. The results presented in [38] were corroborated in a recent work, [41], where it was shown that the characteristic spectrum of corona in atmospheric air is composed of near-UV spectral bands due to energy level transitions of N2 molecules, while the number of photons emitted by air corona increases with the amplitude and frequency of the applied voltage. The characteristic bands were shown to be located 316, 337, 357, 375, 380, 393, 399 and 405 nm. In [42], the optical emission spectrum of point-plane positive corona discharges in air was studied, corroborating the presence of spectral bands in characteristic bands of transitions in N2 with lines at 316, 337, 357 and 380 nm. In the case of negative corona, according to [42], the main emission lines are located at 316, 337, 357, 375, 380, 393, 399 and 405 nm. Therefore, it is concluded that positive and negative coronas in air present similar emission spectra. After a careful review of the literature, it is concluded that studies of corona discharges and electric arcs in air at low pressure conditions typical of aircraft environments are lacking.




3. Spectra Processing


The raw spectral information acquired by the mini CCD spectrometer used in this work contains background and internal noise, which can be partially reduced by applying two strategies. On the one hand, the average value of 100 scans was calculated for each spectral acquisition. On the other hand, to minimize the effect of the background light, the spectrum obtained with total darkness was subtracted from the spectrum of each discharge condition, and finally, the spectra were normalized to facilitate their comparison, as detailed in Figure 1.




4. Experimental Setup


The UV-visible spectra were acquired with a high-sensitivity mini-spectrometer (C10082CAH, CCD type, spectral response in the 200–800 nm range, 4 nm resolution, Hamamatsu, Hamamatsu City, Japan). To minimize the effect of noise, each spectrum was obtained by averaging 100 acquisitions. An A15362-01 optical fiber with a core diameter of 600 μm and a length of 1.5 m was used to conduct the light emitted by the discharges to the spectrometer. Spectra were acquired with an integration time of 100 ms.



The experiments were carried out in two phases. In the first phase, discharges were generated at standard atmospheric conditions in the AMBER high-voltage laboratory of the Universitat Politècnica de Catalunya using calibrated 130 kV alternating current (50 Hz) hipot (BK-130, variable output voltage 0–130 kV, Phenix Technologies, Campbell, CA, USA). The second phase was carried out inside a low pressure chamber (internal diameter 260 mm, height 375 mm), connected to a vacuum pump, which allows changing the pressure from 100 kPa to less than 10 kPa. Pressure changes were applied in steps of 10 kPa. In this case, the 50 Hz alternating current voltage was generated by means of a programmable source (SP300VAC600W, 0–300 V, 15–1000 Hz, 0.1 V resolution, APM Technologies, Dongguan, China) connected to a single-phase instrument transformer (VKPE-36, 36 kV, turns ratio 1:100, Laboratorio Electrotécnico, Cornellà de Llobregat, Spain). Voltage was measured with a high-voltage probe (CT4028, 0-27 kVRMS, division ratio 1000:1, accuracy < 3%, CalTest Electronics, Yorba Linda, CA, USA), which was connected to a true RMS voltmeter (Fluke 289, Fluke, Everett, Washington, DC, USA).



Tests in a conventional unpressured high-voltage laboratory were carried out to ensure consistency with published data and to determine possible spectral differences between corona discharges and electric arcs. The second tests were performed using a low pressure chamber to obtain data at variable pressure. Figure 2 shows the schematics of the layout used in the high-voltage laboratory and in the low pressure chamber.




5. Results


This section summarizes the experimental results conducted first in a standard high-voltage laboratory at atmospheric pressure, and then inside a low pressure chamber. Both tests used a needle-plane geometry in air. While the first tests were carried out to ensure consistency with published data and to determine the spectral differences between corona discharges and electric arcs, the second ones were performed at variable pressure.



5.1. Corona Discharges at Standard Pressure with ac (50 Hz) and dc Supply of Both Polarities


This section compares the corona spectra with 50 Hz ac supply and dc supply of positive and negative polarities at standard air pressure. The results obtained are summarized in Figure 3.



Results presented in Figure 3 show that most of the corona activity is in the near-UV region and the violet region of the visible wavelengths, mainly between 295 and 405 nm. They also show a great similitude between the emission spectra under ac and dc supply, even when comparing the emission spectra with positive and negative dc supplies. These results are compatible with previous studies found in the literature at standard pressure [38,41,42,43], since the central wavelengths of the main spectral bands are found at 295, 316, 337, 357, 380, 393, 399, 405 and 427 nm.



Table 1 shows the relative intensities of the different spectral bands and their relative intensities.




5.2. Electric Arcs at Standard Pressure with ac (50 Hz) and dc Supply of Both Polarities


This section compares the spectra of electric arcs with ac and positive and negative dc supplies at standard air pressure.



The electric arcs were generated without air replacement with 50 Hz ac supply, as shown in Figure 4. It is seen that, as in the case of ac and dc corona discharges, the central wavelengths of the main spectral bands are at 295, 316, 337, 357, 380, 393, 399, 405 and 427 nm.



The air in the discharge region was then replaced by forced ventilation using a fan. The results obtained are summarized in Figure 5.



As shown in Figure 5, the spectra of electric arcs with forced ventilation are more complex, having more components in the visible region compared to the spectra of corona discharges. According to [37,43] the emission spectra of excited molecules (N2*), ions (N2+*) and atomic radicals (N*, O*) also contain many bands within the entire visible and near-IR wavelength range. Emission spectra in the visible and near-IR regions are due to energy level transitions of outer electronics and the vibrations of chemical bonds of nitrogen molecules excited by the intense electric field [41]. In the case of electric arcs with forced ventilation, due to the pureness of the air suffering the ionization, this excitation could be more effective, thus producing more activity in the visible region.




5.3. Corona Discharges in the 100–20 kPa Pressure Range with ac Supply


This section compares the corona spectra with ac supply at different pressures characteristic of aircraft environments. The results obtained are summarized in Figure 6.



Results presented in Figure 6 show that most of the corona activity is in the near-UV region and the violet region of the visible wavelengths, mainly between 295 and 405 nm. They also show a high similarity between the emission spectra with ac and dc supply, and when comparing the emission spectra under positive and negative dc supply. These results are compatible with previous studies found in the literature at standard pressure [38,41,42], since the central wavelengths of the main spectral bands are found at 295, 316, 337, 357, 380, 393, 399, 405 and 427 nm.



Table 2 shows the different spectral bands and their relative intensities.




5.4. Electric Arcs in the 100–10 kPa Pressure Range with ac Supply


This section compares the spectra of electric arcs with ac supply in the 100–10 kPa pressure range inside the low pressure chamber without forced ventilation during the discharge. Due to the closed environment of the low pressure chamber, this condition emulates the possible discharges occurring in aircraft environments such as ducts, troughs or conduits, containing wires and harnesses.



Results presented in Figure 7 show that the central wavelengths of the main spectral bands are the same as those found in the case of corona discharges, being located at 295, 316, 337, 357, 380, 393, 399, 405 and 427 nm.



Table 3 shows the different spectral bands and their relative intensities.





6. Applicability of the Results


Results presented in this paper suggest that, regardless of the amplitude of the applied voltage (Section 4 presents results between 1 and 80 kV), the normalized spectra of the discharges are almost unaltered, which facilitates the process of detecting the discharges. It allows dealing with different air gap geometry, which greatly influences the discharge inception voltage. These results also show that in closed environments, regardless of the pressure and the type of voltage (ac or dc positive and negative), the main spectral bands of the emission spectra of corona discharges and electric arcs are placed in similar locations, mainly in the near-UV and violet regions of the spectrum. This behavior is probably due to leading role of the composition of the gas, since the emission spectrum is due to the photons emitted by the excited electrons that transit from a high-energy state to a lower-energy state.



The characteristic spectrum of corona discharges in air has been shown to be primarily restricted to the 290–420 nm range, thus consisting essentially of near-UV (290–380 nm) and violet (380–420 nm) regions of the spectrum. The light emitted by the discharges is essentially due to the energy level transitions of the N2 molecules, as nitrogen is by far the main component of air, while the number of photons emitted in the discharge process is directly related to the intensity of the discharge [44].



These results allow selecting the most suitable sensors for each application. Therefore, to detect corona discharges and electric arcs, such sensors must be sensitive at least in the range of 290–420 nm. For applications that require detecting discharges at a very early stage, very sensitive sensors are required, such as gas-filled sensors or optical sensors using image intensifiers or photomultipliers [45]. However, the sensitivity of sensors intended to detect electric arcs is less restrictive. Finally, if there is a need to accurately locate the discharge sites, CMOS or CCD image sensors are a good choice, as they offer good sensitivity and the ability to quantify the intensity of the discharges.



Finally, surface discharges occurring in air in close vicinity to a solid dielectric surface also generate light, due to the ionization of air, so they are similar to corona. However, internal discharges in opaque materials cannot be sensed using optical methods.




7. Conclusions


This paper has measured the UV-visible spectra of corona discharges and electric arcs in air in the pressure range of 10–100 kPa, which is representative of most aircraft environments. The results presented here are of particular interest for future aircraft designs, which will operate at higher voltage levels compared to current aircrafts. In addition, there is a lack of data related to this topic in the scientific literature. The combined effect of higher voltage levels and low-pressure environments puts air-insulated systems at risk, due to the reduced dielectric strength of air at low pressure. Electrical discharges can be detected using different methods, but most are susceptible to acoustic and electromagnetic noise typical of aircraft environments, making optical methods very attractive due to their sensitivity and relative immunity to electromagnetic and acoustic noise. It has been found that, regardless of operating pressure, supply voltage (ac, positive dc or negative dc) and type of discharge (corona or electric arcs), air discharges in closed environments generate an emission spectrum centered in the near-UV and violet regions, whose characteristic bands have been identified in this paper. The data presented in this paper can help to select the most suitable optical sensors to detect corona discharges at an early stage, long before significant damage occurs. These data can be useful in developing predictive maintenance approaches, thus preventing the development of major insulation failures and increasing aircraft safety. The results presented in this work can also be useful in other areas, such as monitoring discharges on power lines installed in high-altitude regions.
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Figure 1. Spectral data processing to minimize the effect of noise. 
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Figure 2. (a) Needle-plane gap in the high-voltage laboratory; and (b) needle-plane gap in the low pressure chamber. 
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Figure 3. Normalized spectra of the corona discharges with positive and negative dc supply, and 50 Hz ac supply using a needle-plane gap (diameter = 3.5 mm, gap = 150 mm). 
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Figure 4. Electric arcs without forced ventilation. Normalized spectra with 50 Hz ac supply at 43 kV, using a needle-plane gap (diameter = 3.5 mm, gap = 70 mm). 
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Figure 5. Electric arcs with forced ventilation (air replacement with fresh air). Normalized spectra of electric arcs with 50 Hz ac supply at 43 kV using a needle-plane gap (diameter = 3.5 mm, gap = 70 mm). 
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Figure 6. Normalized spectra of the corona discharges with positive and negative dc supply and 50 Hz ac supply in the 100–20 kPa pressure range using a needle-plane gap (diameter = 1.0 mm, gap = 30 mm). 
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Figure 7. Normalized spectra of the electric arcs with ac supply in the 100–10 kPa pressure range using a needle-plane gap (diameter = 1.0 mm, gap = 30 mm). 
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Table 1. Experimental corona conditions with a needle-plane gap (diameter = 3.5 mm, gap = 150 mm), main spectral bands and their relative intensities.
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	Conditions
	Applied Voltage kV
	Relative Intensity [−] of Bands with Central Points at

295, 316, 337, 357, 380, 393, 399, 405, 427 nm





	50 Hz ac
	50
	0.06, 0.47, 1, 0.56, 0.19, 0.02, 0.06, 0.06, 0.02



	Positive dc
	72
	0.06, 0.45, 1, 0.56, 0.20, 0.02, 0.06, 0.06, 0.02



	Negative dc
	−80
	0.07, 0.48, 1, 0.56, 0.19, 0.03, 0.06, 0.06, 0.02
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Table 2. Corona discharges. Experimental conditions using a needle-plane gap (diameter = 1.0 mm, gap = 30 mm), main spectral bands and their relative intensities.
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	Pressure
	Applied Voltage [kVRMS]
	Relative Intensity [−] of Bands with Central Points at 295, 316, 337, 357, 380, 393, 399, 405, 427 nm





	100
	13.7
	0.06, 0.46, 1, 0.55, 0.18, 0.03, 0.06, 0.06, 0.03



	90
	12.5
	0.07, 0.45, 1, 0.56, 0.19, 0.02, 0.07, 0.06, 0.02



	80
	11.4
	0.06, 0.47, 1, 0.56, 0.19, 0.03, 0.06, 0.06, 0.02



	70
	9.9
	0.07, 0.44, 1, 0.56, 0.19, 0.02, 0.06, 0.06, 0.02



	60
	8.6
	0.06, 0.47, 1, 0.56, 0.19, 0.03, 0.06, 0.06, 0.02



	50
	7.6
	0.07, 0.49, 1, 0.57, 0.19, 0.04, 0.06, 0.06, 0.02



	40
	6.4
	0.11, 0.49, 1, 0.56, 0.18, 0.12, 0.06, 0.05, 0.04



	30
	3.2
	0.09, 0.51, 1, 0.55, 0.18, 0.08, 0.07, 0.06, 0.04



	20
	2.8
	0.12, 0.50, 1, 0.58, 0.21, 0.09, 0.11, 0.07, 0.08
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Table 3. Electric arcs. Experimental conditions using a needle-plane gap (diameter = 1.0 mm, gap = 30 mm), main spectral bands and their relative intensities.






Table 3. Electric arcs. Experimental conditions using a needle-plane gap (diameter = 1.0 mm, gap = 30 mm), main spectral bands and their relative intensities.





	Pressure
	Applied Voltage [kVRMS]
	Relative Intensity [−] of Bands with Central Points at

295, 316, 337, 357, 380, 399, 405, 427





	100
	20.0
	0.07, 0.47, 1, 0.55, 0.19, 0.07, 0.06, 0.02



	90
	18.3
	0.09, 0.59, 1, 0.55, 0.17, 0.06, 0.05, 0.02



	80
	16.2
	0.10, 0.50, 1, 0.55, 0.17, 0.06, 0.05, 0.02



	70
	11.6
	0.13, 0.52, 1, 0.54, 0.17, 0.06, 0.05, 0.021



	60
	8.6
	0.12, 0.51, 1, 0.54, 0.17, 0.05, 0.05, 0.02



	50
	8.2
	0.11, 0.49, 1, 0.54, 0.17, 0.05, 0.05, 0.02



	40
	7.6
	0.11, 0.48, 1, 0.55, 0.18, 0.06, 0.05, 0.03



	30
	4.4
	0.11, 0.49, 1, 0.55, 0.18, 0.06, 0.05, 0.03



	20
	2.0
	0.19, 0.78, 1, 0.83, 0.26, 0.09, 0.08, 0.12



	10
	1.4
	0.11, 0.55, 1, 0.56, 0.18, 0.06, 0.05, 0.10
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