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Abstract

:

High reliability, independence from environmental conditions, and the compact design of gas-insulated systems will lead to a wide application in future high voltage direct current (HVDC) transmission systems. Reliable operation of these assets can be ensured by applying meaningful and robust partial discharge diagnosis during development tests, acceptance tests, or operation. Therefore, the discharge behavior must be well understood. This paper aims to contribute to this understanding by investigating the partial discharge behavior of a distorted weakly inhomogeneous electrode arrangement in sulfur hexafluoride (SF6) and synthetic air under high DC voltage stress. In order to get a better understanding, the partial discharge current is measured under the variation of the insulation gas pressure, the gas type, the electric field strength, and the voltage polarity. Derived from this, a classification of the different discharge types is performed. As a result, four different discharge types can be categorized depending on the experimental parameters: discharge impulses, discharge impulses with superimposed pulseless discharges, discharge impulses with superimposed pulseless discharges, and subsequent smaller discharges and pulseless discharges. Concluding suggestions for partial discharge measurements under DC voltage stress are given: recommendations for the necessary measurement time, the applied voltage and polarity, and useful measurement techniques.






Keywords:


partial discharge; protrusion; gas-insulated system; HVDC; SF6; synthetic air












1. Introduction


Gas-insulated systems (GIS) have been the state-of-the-art in high voltage alternating current (HVAC) transmission grids since the 1960s [1]. These systems have major advantages compared to air-insulated systems (AIS) like their space-saving design, their independence from environmental conditions, and their higher reliability. These advantages are beneficial for high voltage direct current (HVDC) transmission systems as well. Especially due to the growing importance of renewable energy sources and their integration into the existing power grid, longer transmission lines have to be built. This is economically feasible only by using HVDC technologies. The advantageous space-saving design of GIS can be used, for example, to reduce the size of offshore converter-platforms, to ensure a reliable power transmission in densely populated areas, and to allow building high voltage infrastructure close to protected landscapes due to their low visual impact. Therefore, gas-insulated HVDC systems are a space-saving solution for HVDC substations.



Due to the transition of the electric field, the directed movement of charge carriers, and the accumulation of charge carriers on gas-solid interfaces, the development of gas-insulated HVDC systems is challenging [2,3]. Reliable operation can be ensured, using partial discharge (PD) measurements during type tests, factory acceptance tests, on-site tests, and operation (monitoring). For AC applications, electrical PD measurements using the phase-resolved partial discharge pattern (PRPD) have been well known since the 1960s for various types of defects [4]. Due to the missing phase relation, the procedures and analysis tools used under AC voltage stress cannot be applied directly for DC equipment. Additionally, the directed movement of charge carriers, space-charges in the gas, and accumulated charges at the gas-solid interfaces lead to a significantly different partial discharge behavior under DC voltage stress [5,6,7,8,9,10,11,12]. One major challenge, reported in the literature, is the occurrence of pulseless discharges, which cannot be detected using the conventional methods according to IEC 60270 [13] and ultra-high frequency (UHF) measurements [5,10,11]. Summarizing these challenges, the PD experts stated in the literature that a major problem during PD measurements and analysis under DC voltage stress is the lack of experience [14]. In addition, the physical PD behavior under DC voltage stress is not as well understood as under AC voltage stress, since space charges can accumulate over a long time period. However, a reliable PD diagnosis requires the knowledge of the discharge behavior. Hence, the aim of this investigation is to bridge the gap of knowledge for one typical defect in gas-insulated systems: a protrusion. Therefore, the partial discharge current of a fixed needle in a weakly inhomogeneous electric field is measured. The measurements reveal four different discharge types that may occur depending on the electric field strength, gas pressure, and voltage polarity.



The insulating gas sulfur-hexafluoride (SF6) has been used as a dielectric in gas-insulated systems since the early 1960s. Due to the high global warming potential (GWP) of this gas and the related political will to reduce the emission of fluorinated gases, alternative gases with a low GWP come to the fore of manufacturers and customers [15,16,17,18]. These gases can be pure natural gases or mixtures of natural gases, like synthetic air. Furthermore, these alternatives can be gas-mixtures with highly electron affine components in order to improve their dielectric behavior. In this contribution, the discharge behavior of SF6 is compared with the behavior of pressurized synthetic air as one example for an alternative gas.




2. Physical Fundamentals


Comprehensive knowledge about the physical fundamentals of the discharge formation is necessary, in order to understand the different discharge phenomena observed in this investigation.



A necessary requirement for the discharge inception is the presence of a starting electron. It can be emitted from the cathode [19] or by electron detachment of gas molecules. This detachment mainly occurs due to cosmic radiation [20,21]. The starting electron will be accelerated in the stationary electric field. As soon as the kinetic energy, absorbed from the electric field, is high enough, ionization due to the collision with other molecules or ions takes place. Newly generated electrons are again accelerated in the electric field. The number of ionization processes per electron and per unit of distance is described by the ionization coefficient  α . At the same time,  η  electrons are attached to molecules or ions. If more electrons are generated than attached to ions or molecules (  α > η  ), an electron avalanche develops. Hence, the main parameter characterizing insulating gases is the effective ionization coefficient    α ¯  = α − η  . If the effective ionization coefficient becomes    α ¯  > 0  , the number of free electrons in the gas increases like an avalanche. The ionization coefficient depends on the type of insulating gas [22], mainly determined by its electron affinity. For example, the electron affinity of oxygen is lower than that of SF6. Nitrogen has no ability to attach free electrons. Hence, the electrical strength of synthetic air is lower than that of SF6. The effective ionization coefficient   α ¯   can be calculated according to Equation (1) for SF6 and according to Equations (2) and (3) for atmospheric air depending on the electric field strength E and the gas pressure [21,23]. Since the dielectric strength of an insulating gas depends on its gas density,   α ¯   is related to p20 °C, the gas pressure at 20 °C, in order to specify this density dependence. It is assumed that the discharge behavior of pressurized synthetic air and pressurized atmospheric air is comparable.


       α ¯    SF 6     p  20      °  C        = 28  1 kV   ·    E  p  20      °  C     − 89  kV  mm · MPa        



(1)






       α ¯   a i r    p  20      °  C        = 0.22  ·    mm · MPa   kV 2    ·     E  p  20      °  C     − 24.4  kV  mm · MPa    2              E  p  20      °  C      24.4  kV  mm · MPa   <  E  p  20      °  C     ≤ 50  kV  mm · MPa         



(2)






       α ¯   a i r    p  20      °  C        = 0.5  ·     (  mm · MPa  )   0.75     kV 1.75     ·     E  p  20      °  C     − 24.4  kV  mm · MPa     1.75               E  p  20      °  C      50  kV  mm · MPa   <  E  p  20      °  C     ≤ 120  kV  mm · MPa         



(3)







According to the physics, the ionization coefficient of SF6 is considerably lower than that of synthetic air (Figure 1). This leads to the assumption that the inception and growth of the PD avalanches will show remarkable differences between the insulating gases. Due to the significantly higher slope of the effective ionization coefficient of SF6 compared to air in the zero crossing (   α ¯  ≥ 0  ), the discharge behavior of SF6 is expected to be much stronger, dependent on small changes of the electric field strength.



The charge carriers, electrons and ions, generate drift in the electric field with a certain velocity, which is inversely proportional to the gas pressure [20]. Due to their higher mass, the mobility   μ ion   of positive and negative ions is significantly lower than the mobility   μ e   of electrons (Table 1).



The differences in the drift velocities of electrons and ions lead to a concentration of electrons in the avalanches’ head, whereas the generated ions can be considered as remaining at their position. If the number of electrons in the avalanches’ head exceeds the critical number of   10 8  , the electric field strength of the avalanche, in addition to the background field, is sufficiently high to initiate photoionization, and thus, additional electron avalanches in the vicinity of the first discharge channel are started. This discharge process is well known as streamer discharge [30,31]. If streamer inception takes place, the electrical field strength exceeds the gas density dependent dielectric strength of the insulating gas in a certain region, the so-called critical volume.



In SF6, the discharge inception is equivalent to the streamer inception [21]. In addition to this single streamer discharge, it is reported in the literature that one PD impulse with a high magnitude can be followed by several impulses with a lower magnitude [32,33]. These subsequent PD events are generated in the channel of the first streamer [32].



The charge carriers, generated by the streamers, can form a stable space charge, which significantly influences the electric field strength in this region. If the number of charges generated is equivalent to the number of charges drifting off from the space charge region, a constant pulseless direct current can be measured, known as glow discharge. It is evident that a streamer discharge might be superimposed on this glow discharge, if the space charge region becomes instable [21].



The described charge carrier movement in the electric field can be measured as a current (Figure 2). This current consists of a fast rising electron current   I e  , representing the growth of the electron avalanche, and a slow ion current   I ion  , representing the ion drift. According to the literature [33,34], the electron current is significantly higher than the ion current.



To the authors’ knowledge, there is no comprehensive study of the partial discharge behavior of a protrusion in gas-insulated systems under DC voltage stress with respect to PD current measurements. For this reason, in this contribution, the electron current   I e   and the ion current   I  ion    are measured depending on the polarity, the applied voltage, and the gas pressure. It is expected that a classification of the occurring PD types can be derived from the measurements considering the current amplitudes and the time differences between subsequent discharge impulses. This classification would provide a basis for a meaningful interpretation of PD measurements in gas-insulated DC systems. A comparison of the results obtained in SF6 with measurements in pressurized synthetic air will give an outlook for future research focusing on alternative insulating gases under DC voltage stress.




3. Experimental Setup


The experimental setup was located in a completely shielded room in order to achieve a high signal-to-noise-ratio (SNR), necessary for the measurement of low currents.



3.1. Generation of High DC Voltage with Low Ripple


Investigating the discharge physics under DC voltage stress requires a DC voltage with low ripple. This is necessary because a ripple factor   δ U   of a few percent can lead to a phase dependent concentration of PD impulses in the voltage maximum and would therefore influence the PD behavior significantly [35].



For this reason, a symmetric Greinacher voltage doubler circuit (Figure 3) was used to generate high DC voltages [4]. It was fed with a power frequency  f  = 50 Hz and loaded by a current I. In contrast to common Greinacher circuits with a ripple of   δ U   (Equation (4)), the smoothing capacitors   C s   were charged every half-cycle, leading to a lower ripple   δ  U symm    according to Equation (5).


     δ U =  I  2  ·  f  ·   C s        



(4)






     δ  U symm  =  I  4  ·  f  ·   C s        



(5)







Hence, the ripple could be reduced by a factor of two. In addition, a high smoothing capacitance   C s   was used to further reduce the voltage ripple. In contrast to usual realizations of the symmetric Greinacher circuit [4], two high voltage transformers with a primary voltage shifted by 180° were used in this investigation.



Due to the maximum reverse voltage of the rectifiers used, the maximum output voltage of this voltage doubler circuit was limited to   U  DC  max    = ±250 kV. The measured voltage ripple was approximately 250 V at its maximum (  δ  U symm    ≤ 0.1%). The voltage measurement was performed using a calibrated ohmic voltage divider with a Highvolt MU17 peak voltmeter. A resistor   R d   and an inductance   L d   were placed in between the DC voltage supply and the test object   C p   in order to limit the current in case of a breakdown.




3.2. Electrode Arrangement and Test Vessel


The high DC voltage supply was connected to the gas-insulated test vessel using a SF6-air bushing (Figure 4a). The test vessel used was a commercially available part of a 420 kV GIS with a sandblasted encapsulation. It allowed investigations up to an absolute gas pressure of 0.7 MPa.



In order to model the electric field of a real gas-insulated system, a weakly inhomogeneous electrode arrangement made of aluminum was placed inside the test vessel (Figure 4b). The gap distance between the half-sphere and the plate could be varied between  d  = (0...100) mm. Hence, the degree of homogeneity  η  could be varied from 0.88 to 0.37. For the investigations presented in this paper, the gap distance was fixed at  d  = 60 mm. This resulted in   η ≈ 0.52  , which was close to real applications [33]. In order to investigate the PD behavior of the insulating gases, a protrusion was placed in the middle of the half-sphere. The used needles were made of 100Cr6 steel and had a tip radius of   r i   ≈ 22 µm. The length of the needle was   l   = 5 mm. To measure the partial discharge current   I  PD   , the needle was separated from the grounded sphere using an insulating PTFE ring and directly connected to an SMA adapter. The polarities mentioned in this investigation refer always to the polarity of the protrusion.




3.3. Measurement Setup


Since the expected PD current consisted of a pulseless current with superimposed impulse currents, the magnitude and frequency content of the whole signal were very broad. Hence, it was reasonable to use two different measurement setups.



3.3.1. Measurement of Impulse Currents


The measurements were performed using a high bandwidth oscilloscope-type Teledyne LeCroy WavePro 735 ZiA with an analogue bandwidth of 3.5 GHz, a maximum sample rate of 20 GS/s (using four channels), and a memory of 128 MSa per channel to allow long-term, high bandwidth measurements.



In order to get a deeper understanding of the partial discharge peak current    I ^   PD    and the time differences between subsequent impulses, a high frequency current measurement was necessary. Hence, the needle electrode was directly connected to the oscilloscope using a low loss coaxial cable and a terminating resistor   R meas   = 50 Ω in parallel to the input impedance of the oscilloscope used    R osci  = 1    M Ω   | |   C osci  = 16   pF  . Even though the used measurement device had a high analogue bandwidth, the measurement circuit (Figure 5a) led to a frequency dependent measurement impedance, especially due to the capacitance   C  cable    of the coaxial cable used (Figure 5b).



Since the partial discharge current was calculated using Equation (6), the frequency dependence of the measurement circuit was not taken into account. This led to an amplitude error in the presented partial discharge peak currents, if their frequency content exceeded several megahertz. Due to the unknown frequency content of the partial discharge current, this approach seemed appropriate and was already used in other different publications [34,36]. Furthermore, one has to mention that the electrode arrangement influenced the measured PD current as well, mainly due to the stray capacitances between the protruding needle, the ground/high-voltage electrode, and the encapsulation of the test vessel [37]. Because the influence of these capacitances could not be easily quantified, they were neglected in this investigation.



Each occurring PD impulse triggered a 1 µs long sequence. The minimum time difference between two subsequent sequences was   Δ  t min    = 1 µs according to the manufacturer. If a PD occurred in the dead time between two sequence recordings, it could not be detected.


      I  PD   =   U osci   50   Ω       



(6)







Not only the partial discharge current amplitudes were investigated, but also the time differences between subsequent impulses. Since it was expected that they could occur with a rather high time difference of several milliseconds to seconds, the sequence mode of the oscilloscope was used (Figure 6) [38].




3.3.2. Measurement of Pulseless Currents


Even though the pulseless PD current could be measured with the oscilloscope as well, it was, in terms of the expected high amplitude differences between the impulse current and the pulseless current (Figure 2), reasonable to measure the smaller pulseless currents separately. Therefore, a transimpedance amplifier was connected to the needle electrode instead of the oscilloscope. Two low-pass filters with a cut-off frequency of approximately 4 Hz and two amplifiers allowed precise measurements of the pulseless PD current with a high SNR in the range from 0.1 nA to 100 µA. The data logger was connected via Bluetooth to the measurement computer and transmitted the mean value of the measured direct current every second. The operational readiness of this measurement device was already proven by other investigations [3,39].






4. Test Execution and Data Evaluation


4.1. Test Execution


In order to understand the partial discharge behavior in dependence of the electric field strength, the investigations were performed at different voltage levels, starting from the inception voltage. Due to the missing general accepted definition of the inception voltage [38,40], the voltage with the first measurable partial discharge current impulse was determined as inception voltage   U i   in this investigation (cf. Section 5.1). The investigations were performed at multiples of this voltage at absolute gas pressures of    p   SF 6      = 0.1 MPa, 0.5 MPa and 0.7 MPa. The dew point of the SF6 used was lower than −35 °C with a purity of at least 99%. The experiments in synthetic air were carried out at an absolute gas pressure of    p  syn . air     = 0.5 Mpa. The gas consisted of 20.5% oxygen (O2) in nitrogen (N2) according to the manufacturer. Its moisture content was less than 2.0 ppmmol.



Studying the impulse currents, the number of recorded sequences (each with a duration of 1 µs) depended on the time difference between subsequent impulses. For the measurements at inception voltage, five-hundred sequences were recorded and analyzed; if the applied voltage was higher than the inception voltage, 3000 to 4000 sequences were examined. An exception was the investigations at positive polarities of the protrusion at inception voltage: at higher gas pressures of    p   SF 6      = 0.5 MPa and    p   SF 6      = 0.7 MPa, only ten sequences could be recorded due to the long time difference between two impulses.



The studies of the pulseless partial discharge current were carried out with a stepped voltage rising test. At each step, the voltage was kept constant for 5 min, and the mean value of the PD current measured within this period was evaluated.



The needle electrodes used were changed after every test execution in order to avoid the influence of changing tip radii on the PD behavior. More precisely, one needle was used for the investigations at one polarity and one pressure value, but different voltage levels.




4.2. Data Evaluation


In the following, the evaluation of the data acquired using the oscilloscope is discussed, to make the presentation of the results more comprehensible. The recorded sequences with 20,000 data points each were evaluated individually in MATLAB® to determine the impulse current amplitude    I ^   PD    and the time difference between subsequent sequences   Δ t   (Figure 7). In this investigation, the time differences between two sequences were a measure for the time differences between subsequent impulses, since the length of one sequence of 1 µs was in most cases negligible with respect to the time difference   Δ t   >> 1 µs. If one sequence contained more than one partial discharge impulse, this would be evaluated separately.



To achieve a meaningful data evaluation, the following definitions were made and applied to every recorded sequence: A noise level was calculated with a moving average out of 1500 data points multiplied by a factor of five. A PD current impulse needed to be larger than this calculated noise level and higher than a defined minimum impulse amplitude    I ^   PD min    to be evaluated as a PD event (Table 2).



The parameter    I ^   PD min    was determined depending on the measured impulse current amplitudes, since the noise level was dependent on the chosen measurement range of the oscilloscope. If one sequence contained more than one single impulse, the definition of a minimum time difference between subsequent impulses in one sequence   Δ  t  imp min     was necessary, to avoid the oscillations following an impulse being evaluated as another PD impulse.





5. Results


Following, the measurement results are presented. As a summary, a classification of the occurred partial discharge phenomena is derived that helps to improve the understanding and interpretation of PD measurement at a protrusion under DC voltage stress. Therefore, the impulse current amplitude    I ^   PD   , the time difference between two subsequent sequences   Δ t  , and the pulseless partial discharge current   I  mean    were analyzed in dependence of the gas pressure and the applied voltage.



5.1. Inception Voltage (Voltage Rising Test)


In order to determine the inception of current impulses and the pulseless PD current in dependence of the polarity of the protrusion and the gas pressure, a voltage rising test (VRT) was performed (Figure 8). The rate of voltage increase was set to 0.5 kV · s−1.



The measurements determined different voltages for the inception of impulse currents and pulseless PD currents. At a negative protrusion, these voltages were very similar. Only slight differences occurred due to measurement uncertainties and the statistical behavior of the discharge inception. At a positive protrusion, the inception of pulseless PD currents took place at higher voltages than the inception of current impulses. That led to the conclusion that a pulseless partial discharge current, probably a superposition of many small electron avalanches, was superimposed on the PD impulses and emerged in dependence of the polarity and the electric field strength.



The inception voltage of the current impulses at a positive protrusion was almost twice the inception voltage determined for a negative protrusion. These differences could be explained with the different supply of starting electrons in dependence of the polarity of the protrusion. Due to field emission processes from the cathode, more electrons were present in front of the negative protrusion [19]. The starting electrons at the positive protrusion had to be generated by collision detachment of negative ions close to the needle electrode [38]. Another fact influencing the growth of a PD impulse in the vicinity of a protrusion was the direction of movement of electrons and ions. Electrons at a positive protrusion were accelerated in the direction of the protrusion, whereas electrons at a negative protrusion were accelerated in the direction of the oppositely charged electrode. This underlined the polarity dependencies. The changing gas pressure had no influence on the described polarity effects.



An increased gas pressure led to an increased inception voltage for both polarities, which corresponded to the assumptions derived in the Physical Fundamentals Section. The effective ionization coefficient   α ¯   decreased with an increasing gas pressure (Figure 1).



In the following sections, the presented results always refer to the inception of PD current impulses for each polarity-pressure combination, which was thus determined as the inception voltage   U i   in this investigation.




5.2. Partial Discharge Impulse Current


In the following, the investigations of the PD current impulses, in particular the impulse current amplitude    I ^   PD    and the time difference between subsequent sequences   Δ t  , are described. The investigation of the positive protrusion could only be carried out with a limited voltage, since higher voltages were too close to the breakdown voltage with a high risk of damaging the measurement equipment.



5.2.1. Amplitude of Partial Discharge Impulses


The amplitude of the partial discharge impulses depended on the polarity of the protrusion, the gas pressure, and the electric field strength (Figure 9).



In principle, a higher gas pressure led to a lower amplitude of the impulse current. The amplitude of the impulse current was in the same range for both polarities. For negative polarity of the protrusion and high gas pressures (   p   SF 6      ≥ 0.5 MPa), the partial discharge current amplitudes remained almost constant. At a gas pressure of 0.1 MPa, an increased voltage led to an increase of the amplitude of the impulse current in one order of magnitude. If the voltage was increased further up to a voltage of   U ≈ 2.6  ·   U i   , no current impulses could be measured any longer, whereas the measurement with the transimpedance amplifier was still showing a pulseless current (cf. Section 5.3). Obviously, the partial discharge physics had changed. It could be assumed that a pulseless glow discharge built up at the protrusion. In the investigated pressure-voltage range, this behavior could only be observed under a gas pressure of 0.1 MPa and a negative polarity of the protrusion.



When increasing the voltage at a positive protrusion and a gas pressure of 0.5 MPa, a significant increase of the amplitude of the impulse current could be measured.




5.2.2. Time Difference between Subsequent Sequences


The observed time differences between subsequent sequences varied in a huge range between a few microseconds and several minutes (Figure 10). The scatter for almost every voltage-pressure constellation was rather high. Due to the breakdown danger, it was not possible to perform measurements at 0.7 MPa for a positive protrusion.



In general, the time differences between subsequent sequences at a positive protrusion were smaller than at a negative one, and a higher voltage led to a decreased time between subsequent sequences. At a gas pressure of 0.1 MPa, a higher voltage led to a higher time difference between subsequent impulses. The space charge in front of the protrusion became more stable, preventing the inception of further impulses. Above   2.6  ·   U i   , no impulses could be measured any longer at the negative protrusion. As known from the measurements under Section 5.3, only a pulseless current occurred. No statement can be given for a positive protrusion above   2  ·   U i   , since the voltage could not be increased further due to the danger of a breakdown. At a positive protrusion and a gas pressure of 0.5 MPa, a remarkable change of the PD behavior could be observed, when increasing the voltage from   1  ·   U i    to   2  ·   U i   : the amplitude of the impulse current increased by one order of magnitude (cf. Figure 9), whereas the time between subsequent sequences decreased by approximately seven orders of magnitude (Figure 10). Considering the time dependent PD current (Figure 11) at inception voltage, only one small current impulse could be measured per sequence (Figure 11a); whereas at   2  ·   U i   , one high current impulse in the range of several milliamperes was followed by several small current impulses with an amplitude of several hundred microamperes (Figure 11b).



Every recorded current impulse was followed by smaller impulses. The time differences   Δ  t  imp     between the first high impulse and the subsequent smaller impulses was in the range of several hundred nanoseconds (Figure 11c); its minimum was defined according to Table 2. A higher gas pressure led to lower time differences. At a gas pressure of 0.7 MPa, these subsequent impulses already occurred at inception voltage, whereas at gas pressures of 0.1 MPa and 0.5 MPa, this behavior could only be observed at twice the inception voltage. At gas pressures of 0.1 MPa, only approximately 5% of the recorded sequences contained these subsequent impulses.



This transition from a streamer discharge to a streamer discharge with subsequent impulses was in accordance with the literature [6,32,33,38]. The subsequent impulses were probably generated in the discharge channel of the first discharge streamer. Due to the present space charge of the first discharge, the critical volume decreased, leading to a smaller amplitude of the subsequent impulses [32]. This behavior occurred mainly at a positive protrusion due to the different drift velocities of ions and electrons (cf. Table 1), resulting in a different space charge distribution compared to a negative protrusion.



At a negative protrusion and gas pressures  p  ≥ 0.5 MPa, the time difference between subsequent sequences decreased by three orders of magnitude (Figure 10), and the amplitude of the impulses remained almost constant with increasing voltage (Figure 9). A behavior such as under positive voltage could only be observed for less than one percent of the recorded sequences at higher gas pressures (  p   SF 6     ≥ 0.5 MPa). The occurrence of these subsequent impulses at a negative protrusion became more probable with higher voltages.





5.3. Pulseless Partial Discharge Current


Measurements with the transimpedance amplifier showed the pulseless direct current share of the discharges (Figure 12).



This current was mainly related to the movement of slow positive and negative ions, which drifted along the electric field lines. The amplitude of the pulseless PD current was magnitudes below the impulse current amplitudes. As described in Section 5.1, the inception of the pulseless current was dependent on the polarity of the protrusion. At a negative protrusion, pulseless currents and impulse currents incepted at once at the same voltage during a VRT; whereas at a positive protrusion, the pulseless current incepted at almost twice the inception voltage of the impulse current. An increased voltage led to a higher pulseless PD current, regardless of the polarity of the protrusion and the gas pressure. A higher gas pressure led to a lower pulseless partial discharge current, but the differences at a negative protrusion were less pronounced compared to a positive protrusion.





6. Discussion


The results obtained by the analysis of the partial discharge impulse current amplitude, the time difference between subsequent discharge impulses (respectively sequences), and the pulseless partial discharge current allowed a classification of the PD types occurring in SF6-insulated systems under DC voltage stress.



One main factor for the determination of the discharge types was the share between pulseless PD currents and current impulses. As expected from the literature, the pulseless currents (caused by the slowly moving ions) were always lower than the current impulses (caused by the fast moving electrons) (cf. Figure 2). The dependency on the applied voltage was more pronounced for the pulseless currents (Figure 13). At a positive protrusion, the pulseless current incepted at higher voltages than the streamer impulses.



The pulseless current was already described by various authors for gas-insulated DC systems [10,11,21], but so far, no detailed description of the occurrence in dependence of the electric field strength, gas pressure, and voltage polarity in addition to the description of the impulse currents can be found. These pulseless discharges were caused by a permanent occurrence of avalanche discharges in front of the protrusion, which formed a stable space charge region. The parallel elapsing avalanche processes could not be measured separately, only the constant ion drift could be evaluated. If this space charge region became instable or an avalanche discharge turned over to a streamer discharge, additional current impulses could be measured. Therefore, these current impulses were superimposed on the pulseless current. Since more discharge avalanches could build up at higher voltages due to the increased critical volume, this space charge region and thus also the pulseless current increased.



According to the evaluation of the data, four different discharge types could be differentiated (Table 3).



The first type occurred at the inception voltage of the positive protrusion independently of the gas pressure; strong PD impulses could be measured, but no pulseless current was present. Hence, a streamer discharge generation took place at the protrusion. Due to the long time differences between subsequent impulses, no stable space charge region could be generated, and therefore, no pulseless discharge was superimposed on the streamer discharges.



The second one, PD current impulses superimposed on a pulseless PD current, could occur at various voltage-pressure-variations. This meant that the charges generated by the streamer impulses led to a stable space charge region in front of the protrusion, which affected the distribution of the electric field strength and therefore the size of the critical volume. In this region, continuous avalanche processes took place, and an equilibrium of charge generation and the drift of ions was reached. If this region became unstable, a streamer discharge could occur, superimposed on the glow discharge.



The third one was special for positive protrusions. A strong first discharge impulse changed the space charge region and therefore the electric field distribution significantly. Subsequent impulses with a minor amplitude took place in the first discharge channel as described in Section 2.



A PD behavior without any current impulses, so-called glow discharge, could only be determined under a gas pressure of 0.1 MPa at a negative protrusion in the investigated pressure-voltage range. This space charge region was very stable, and therefore, the generation and drift of ions were always in equilibrium. It could not be excluded that a pure glow discharge, as for low gas pressures, occurred close to the breakdown voltage even at higher gas pressures since the maximum applicable DC voltage was limited in this investigations.



Combining the described data, a classification of the determined PD types was possible, as well as the description of the transition between different types (Figure 14).



At a positive protrusion, a continuous transition between the PD types took places. This could be a transition between pure impulse currents to impulses superimposed on a pulseless current at lower gas pressures (Figure 14a) or a transition to impulses with subsequent impulses superimposed on a pulseless current for higher gas pressures (Figure 14b). At a negative protrusion in a low pressure environment, the transition to a pulseless PD current was abrupt. No change in the PD behavior could be observed at a negative protrusion at high gas pressures.



Probably a more precise distinction would be possible considering more data points, especially at gas pressures of 0.3 MPa. A defined statement for 0.7 MPa was not possible due to the fact that the breakdown occurred close to the PD inception, and therefore, no measurements were possible at higher voltages than inception voltage in order to protect the measurement devices. However, the results obtained so far allowed us to assume that it was similar to the results obtained at 0.5 MPa.



Even though the presented effective ionization coefficient SF6 rose with enhanced electric field strength (Figure 1), the impulse amplitudes did not always rise in the same manner. Hence, the build-up of space charges influenced the formation of the streamer impulses due to a changing critical volume.



Looking at the gas pressures used in technical applications (   p   SF 6      ≈ 0.5 MPa), it was evident that challenges arose during PD measurements under DC voltage stress. In principle, it seemed possible to identify a protrusion in gas-insulated DC systems with the well-known measurement principles based on IEC 60270 or by UHF measurements. it was difficult to distinguish between PD impulses and noise, e.g., due to the long time differences between subsequent impulses at a positive protrusion or low impulse amplitudes at a negative protrusion. Hence, a low noise environment must be established during PD measurements under DC, to achieve high sensitivity. Further challenges may arise in the precise evaluation of subsequent current impulses with low time differences [9]. It may be beneficial for a meaningful PD measurement to measure and evaluate the pulseless currents as well.




7. Outlook


The necessity to reduce the global greenhouse gas emissions leads to an intensified research and usage of alternative insulating gases with lower greenhouse potential [18,41]. One main challenge of the application of SF6 alternatives will remain: the safe and reliable operation of gas-insulated systems requires a decent knowledge of the partial discharge behavior in order to achieve a reliable risk analysis out of PD measurements. Therefore, the partial discharge physics, such as pulse amplitude and pulse distance, was compared between SF6 and one possible alternative for medium and high voltage equipment: synthetic air under higher gas pressures. The presented investigations were all carried out at a gas pressure of  p  = 0.5 MPa. The aim of this section is to underline the applicability of the presented experimental procedure to other insulating gases and to give an outlook for future research. In contrast to the presented results of the impulse currents, these investigations will also include the pulseless currents.



7.1. Inception Voltage (Voltage Rising Test)


The inception voltages of current impulses determined with a VRT as described in Section 5.1 showed the differences expected from the comparison of the effective ionization coefficients between the two insulating gases (Figure 15). Due to the lower dielectric strength of synthetic air, its inception voltage is lower than in SF6. The differences in between both polarities of the protrusion are more prominent in SF6. This might be an effect of the differences in the electron affinity and the ionization energies. Since the starting electrons at a positive protrusion must be generated by detachment processes, a lower number of free electrons was present in the vicinity of the protrusion in SF6 compared to synthetic air. This could be justified comparing the ionization energies of both gases [26] and the low lifetime of free electrons in SF6 [21]. Hence, the voltage could increase further, and the differences in the discharge inception voltage at a positive protrusion were higher comparing both gases.




7.2. Amplitude of Partial Discharge Impulses


Comparing a single partial discharge impulse at inception voltage, it was evident that the PD behavior was significantly different (Figure 16a). Besides the higher PD amplitude at inception voltage, the time constants for the rise and decay of the impulses were different due to the significantly different effective ionization coefficients (Figure 16b).



This resulted in a higher converted charge for gases with a lower ionization coefficient. The comparison of Figure 16a,b may lead to the assumption that the rise times were dependent on the voltage polarity, especially for synthetic air as the insulating medium. This has to be evaluated in more detail during further investigations.



Besides the evaluation of a single PD impulse, the comparison of the peak values is of interest, because they can be an indicator for the detectability of PD with state-of-the-art PD measurement techniques [9]. PD impulses at a negative protrusion in synthetic air were approximately one order of magnitude higher than the impulses in SF6, despite the applied voltage (Figure 17). Whereas the peak current amplitude for a negative protrusion in SF6 was roughly constant, it increased in synthetic air with increasing electric field strength. At a positive protrusion, the peak currents increased significantly in SF6 with increasing voltage, as already described in Section 5.2.1. At twice the inception voltage, there was no significant difference between the impulse amplitude in SF6 and synthetic air. In contrast to SF6, the PD impulses at a positive protrusion in synthetic air were in the same order of magnitude as the ones at a negative protrusion. An increasing amplitude with increasing electric stress as in SF6 could not be observed. The described small subsequent current impulses in SF6 (Figure 11b) could not be observed in synthetic air. Hence, the partial discharge physics seemed to be different, and no change of the type of PD could be observed with varying electric stress.




7.3. Time Difference between Subsequent Sequences


Besides the investigated variations in the impulse current amplitudes, the time differences between subsequent sequences were analyzed. At inception voltage, the time differences in synthetic air were lower than the ones observed for SF6, independent of the voltage polarity (Figure 18).



Increasing the voltage led to lower time differences between subsequent impulses; the differences between the two investigated gases were less pronounced and in the range of several microseconds. Considering several PD impulses within one recorded sequence (  Δ t <   1 µs), a significant amount could only be observed in SF6 for positive polarity (Figure 11). This behavior was only weakly developed in synthetic air and could only be observed for a few sequences at a negative protrusion at three times the inception voltage   U i  .



The comparison of SF6 with synthetic air at 0.5 MPa showed crucial differences in the discharge behavior. The different effective ionization coefficients, resulting from the different abilities of the gases to act as an electron scavenger, led to different PD current amplitudes, time differences between subsequent impulses, and time constants of the current impulses. This was explicitly shown by the comparison of single PD current impulse amplitudes (Figure 16).



It was confirmed that this type of investigation was not only applicable for SF6-insulated systems, but also for alternative insulating gases.





8. Conclusions


Current measurements are a promising technique for the investigation of the partial discharge behavior in gas-insulated systems under DC voltage stress. The evaluation of the measured electron and ion current increased the understanding of discharge processes at one common PD source in gas-insulated systems, a protrusion. The analysis of the measurement data allowed classifying four PD types depending on the polarity of the protrusion, the electric field stress, and the pressure of the insulating gas used. The results improved the interpretation of the measurement data gained during tests and provided therefore a basis for a meaningful and robust PD analysis.



Challenges during partial discharge measurement in gas-insulated DC systems may arise as a result of varying time differences between subsequent impulses, PD current amplitudes changing over orders of magnitude, and pulseless PD currents. The time differences could be in the range from several tens of nanoseconds to several minutes and require therefore PD measurement over a sufficiently long time and with high bandwidth of the measurement system in order to obtain a detailed analysis. The precise measurement of partial discharge current impulses with a low amplitude could be beneficial for the interpretation (at the conductor or enclosure) of a defect, due to the different behavior of positive and negative protrusion. The measurement of the pulseless PD direct current in addition to the well-established measurements according to IEC 60270 and in the UHF range could be used advantageously during laboratory tests to increase the knowledge about the defect.



To obtain a meaningful PD analysis, the applied voltage during PD measurements should not be fixed to a certain value or polarity, due to the fact that glow discharges could occur at negative protrusions, which are not detectable with the state-of-the-art measurement techniques.



The studies complement the knowledge necessary for safe and reliable operation of gas-insulated DC systems, since they contributed to a meaningful PD measurement and analysis for one common PD source, a protrusion. Future research is necessary to facilitate the changeover from the currently used insulating gas SF6 to more environmentally friendly gases like synthetic air or others.
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The following abbreviations are used in this manuscript:





	AC
	Alternating current



	AIS
	Air-insulated System



	CIGRE
	Conseil International des Grands Réseaux Électriques (International Council of Large Electric Systems)



	DC
	Direct current



	GIS
	Gas-insulated System



	GWP
	Global warming potential



	HV
	High voltage



	PD
	Partial discharge



	PRPD
	Phase-resolved partial discharge pattern



	PTFE
	Polytetrafluoroethylene



	SF6
	Sulfur-hexafluoride



	SMA
	SubMiniature Version A



	SNR
	Signal-to-noise ratio



	UHF
	Ultra-high frequency



	VRT
	Voltage rising test
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Figure 1. Effective ionization coefficient of air and SF6 in dependence of electrical field strength and gas pressure (according to Equations (1)–(3)). 
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Figure 2. Partial discharge current consisting of electron current   I e   and ion current   I  ion    [33]. 
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Figure 3. Circuit diagram of a symmetric Greinacher voltage doubler circuit for the generation of high DC voltage with low ripple. 
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Figure 4. Test setup and electrode arrangement. 
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Figure 5. Frequency dependence of the measurement circuit used. 
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Figure 6. Sequence sampling mode. 
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Figure 7. Sample sequences for the data evaluation (negative protrusion,    p   SF 6      = 0.1 MPa,   U = 2  ·   U i   ). 
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Figure 8. Inception of current impulses and pulseless currents in dependence of gas pressure and the polarity of the protrusion in SF6. 
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Figure 9. Mean value and maximum/minimum of the amplitude of the impulse current in SF6 depending on the voltage polarity and the gas pressure. 
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Figure 10. Time differences between subsequent sequences in SF6 depending on the gas pressure and the applied voltage. 
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Figure 11. Comparison of time dependent partial discharge current and time differences   Δ  t  imp     between subsequent PD events at a positive protrusion in SF6. 
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Figure 12. Pulseless partial discharge current dependent on the voltage, the polarity of the protrusion, and the gas pressure (limit of the measureable current: 100 µA). 
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Figure 13. Comparison of pulseless PD current and the peak value of current impulses (values from Figure 9 and Figure 12). 






Figure 13. Comparison of pulseless PD current and the peak value of current impulses (values from Figure 9 and Figure 12).



[image: Energies 13 03102 g013]







[image: Energies 13 03102 g014 550] 





Figure 14. Transition between partial discharge types in dependence of the gas pressure, voltage polarity, and the applied voltage. 
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Figure 15. Inception of partial discharge impulse currents depending on the polarity of the protrusion in synthetic air and SF6,  p  = 0.5 MPa. 
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Figure 16. Comparison of single PD impulses in SF6 and synthetic air  p  = 0.5 MPa. 
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Figure 17. Mean value of partial discharge peak current and minimum/maximum in dependence of the applied voltage and polarity at a gas pressure  p  = 0.5 MPa. 
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Figure 18. Comparison of time differences between subsequent sequences in synthetic air and SF6 depending on the applied voltage and the polarity of the protrusion,  p  = 0.5 MPa. 
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Table 1. Mobility of ions and electrons in SF6 and air at approximately 0.1 MPa.
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	   μ e    in     cm 2   V  ·  s    
	   μ ion    in     cm 2   V  ·  s    
	





	SF6
	   ≈ 200   
	   0.42  …  1.0   
	[21,24,25,26]



	Air
	   ≈ 500   
	   1.0  …  2.5   
	[26,27,28,29]
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Table 2. Parameters for the data evaluation.
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SF6

	
Synthetic Air




	

	
p/MPa

	
   |   I ^   PD  min   |   /µA at

	
   Δ  t  imp  min     /ns

	
   |   I ^   PD  min   |   /µA at

	
   Δ  t  imp  min     /ns






	

	

	
    U i    

	
   2  ·   U i    

	
   3  ·   U i    

	

	
    U i    

	
   2  ·   U i    

	
   3  ·   U i    

	




	
positive protrusion

	
0.1

	
350

	
350

	
- *

	
65

	
-

	
-

	
-

	
-




	
0.5

	
100

	
350

	
- *

	
15

	
350

	
350

	
350

	
15




	
0.7

	
100

	
- *

	
- *

	
15

	
-

	
-

	
-

	
-




	
negative protrusion

	
0.1

	
30

	
350

	
- *

	
65

	
-

	
-

	
-

	
-




	
0.5

	
30

	
30

	
30

	
65

	
350

	
350

	
350

	
15




	
0.7

	
35

	
35

	
- *

	
65

	
-

	
-

	
-

	
-








* No measurements possible because the measurement voltage was too close to breakdown voltage.
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Table 3. Classification of the determined PD types and their occurrence in the investigated experimental parameter range depending on the polarity of the protrusion, the applied voltage, and the gas pressure.
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Description

	
Schematic

	
Occurrence




	

	

	
Representation

	
Polarity

	
Voltage

	
Gas Pressure






	
①

	
PD impulses

	
 [image: Energies 13 03102 i001]

	
+

	
≈  U i  

	
  ( 0.1 ⋯ 0.7 )   MPa




	
②

	
Pulseless PD current with superimposed PD impulses

	
 [image: Energies 13 03102 i002]

	
+/−

	
≥  U i  

	
  ( 0.1 ⋯ 0.7 )   MPa




	
③

	
Pulseless PD current with superimposed PD impulsesand small subsequent impulses

	
 [image: Energies 13 03102 i003]

	
+

	
≥  2  ·   U i   

≥  U i  

	
  ( 0.1 ⋯ 0.5 )   MPa

0.7 MPa




	
④

	
Pulseless PD current

	
 [image: Energies 13 03102 i004]

	
−

	
≳  2.5  ·   U i   

	
0.1 MPa *








* It could not be excluded that pulseless glow discharges occurred at higher pressures as well, because the measurement range (applied voltage) was limited in this investigation.
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