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Abstract:



This article presents the results of comparative studies on streamer propagation and breakdown in a point-insulating plate electrode system in mineral oil and two ester liquids. The studies were performed for a 10-mm gap and a positive standard lightning impulse. The work was focused on the comparison of light waveforms registered using the photomultiplier technique. The results indicated that both esters demonstrate a lower resistance against the appearance of fast energetic streamers than mineral oil. The reason for such a conclusion is that the number of lightning impulses supplied to the electrode system for which the above-mentioned fast streamers appeared at a given voltage level was always higher in the case of ester liquids than mineral oil. In terms of breakdown, the esters tested were assessed as more susceptible to the appearance of breakdown in the investigated electrode system. The number of breakdowns recorded in the case of esters was always greater than the corresponding number of breakdowns in mineral oil. This may be supposed on the basis of the obtained results that imply that, in both synthetic and natural ester, the formed breakdown channel, which bridged the gap through the surface of pressboard plate, is characterized by higher energy than in the case of mineral oil.
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1. Introduction


Synthetic and natural esters as alternative liquids for mineral oils have become more and more popular in transformer applications. This is primarily due to the fact that mineral oils, commonly used as insulating and cooling medium in transformers, are not neutral to the environment and may constitute a potential threat to the soil and watercourses when they release into the environment. The synthetic and natural esters, from the point of view of environmental hazards, are friendlier to the environment because of their better properties connected with biodegradability and flammability. In comparison to the mineral oils, esters are characterized by biodegradability of about 90% compared to only 10% characteristic of mineral oils, with a fire point (above 300 °C) higher than mineral oils, which provides their fire-resistant nature [1,2,3,4,5,6,7].



Both esters, apart from having environmentally friendly properties, should fulfill some requirements concerning their dielectric characteristics. In terms of electrical strength at AC voltage, synthetic and natural esters are more resistant to the influence of moisture content on this electrical strength. For example, for synthetic ester, even up to 600 ppm of moisture content, its AC breakdown voltage does not change, while for mineral oils a small amount of water in the oil volume (circa 20–30 ppm) decreases AC breakdown voltage significantly. Besides, both esters are characterized by the ability to absorb water from the insulating paper, which is desirable from the point of view of paper aging. Additionally, higher electrical permittivity of esters (3.2–3.3) compared with that of mineral oils (2.2–2.4) results in a more uniform electrical field distribution in a paper-dielectric liquid insulating system [4,5,8,9,10,11,12].



Despite many positive features of the esters, the studies concerning streamer propagation and breakdown under lightning impulse (LI) voltage have indicated that esters may behave worse than mineral oils at such types of voltage stresses [13,14,15,16,17]. Because the number of the studies in this field is still limited, and knowledge is still regarded as insufficient to clearly determine which of the liquids (esters or mineral oils) behave better under LI stresses and why, the authors’ studies have only been focused on the above-mentioned aspect and are presented in this paper in terms of a very short (10 mm) point-plate gap. The studies have been focused on a positive polarity due to a well-known fact that this polarity is more dangerous for the real insulating systems with solid components. In contrast to the majority of published works [13,14,15,16,18,19,20,21], the author used an insulating plate placed on the grounded electrode. This allowed for closer alignment of the electrode system tested with real systems, where the inhomogeneity caused by the point electrode may constitute a place of locally increased intensity of the electric field stress and where the discharge develops only from this point to the electrode, which is usually insulated [17,22,23].



The commonly adopted approach in the assessment of esters is based on the comparison of ester features with features of mineral oil registered in the same testing conditions [2,3,4,8,9,10,11,13,14,15,16,17]. Among the features of the streamers developing in dielectric liquids, the most important are the streamer shapes, currents, and light waveforms, as well as propagation velocity. All of these indicators change with the so-called propagation modes which occur together consecutively with voltage increases in the given electrode configuration. In view of the propagation velocity of the streamers, these modes are divided into slow and fast. However, within these main modes, there are some sub-modes, such as 1st and 2nd mode (characterized by propagation velocity of a few mm/μs, commonly referred to as slow) and 3rd and 4th mode (having propagation velocity from a dozen to tens of mm/μs, commonly referred to as fast) [18,19,20,21]. Recognition between distinctive modes may be also identified on the basis of light and current characteristics, where the differences between the modes are clearly visible. Generally, it is a well-known fact that the 1st and 2nd propagation modes concern the streamers of relative low energies, while 3rd and 4th modes concern higher energies. Which propagation mode occurs depends on the value of testing voltage and thus on the value of the local electrical field, also resulting from the geometry of the electrode system. This may be said that lower values of electrical field stress (from tenths of MV/cm to few MV/cm) cause the development of slow propagating streamers, while higher values of electrical field stress (from tens to even 100 MV/cm) may contribute to the propagation of the fast, high-energy streamers. However, the moment of the appearance of fast streamers with an increase of testing voltage is also connected with the type of liquid in which the streamers develop. Ionization and excitation of the molecules in the given liquids are the molecular structure-dependent processes [13,14,15,16,17,18,19,20,21,22].



In the comparative assessment of the liquid behavior at lightning impulse stress, an especially important aspect is the determination of the value of voltage, at which a change in propagation mode from slow to fast occurs. This value has been called the acceleration voltage (and marked commonly as Va) and has been related to the value of inception or breakdown voltage for a given electrode setup. The accepted name “acceleration voltage” comes from the fact that the streamers rapidly change their propagation velocity from a few to tens of mm/μs after exceeding this value of voltage. As mentioned above, the change of propagation velocity entails the change of the spatial shape of the streamers and the recorded time-dependent courses of current and light. Simultaneously, this change is accompanied by a higher energy of the streamer channels. If breakdown takes place within the development of fast streamers, the energy of the breakdown channel is also much higher than the corresponding energy of the breakdown channel being a result of development of slow propagating streamers. Thus, the observation of pre-breakdown and breakdown phenomena for different dielectric liquids in the same testing conditions may allow for the assessment of the differences and similarities between them [14,15,17].




2. Measurement Setup


The laboratory setup, which is presented schematically in Figure 1, was used in the measurements. A source of testing voltage was a six-stage Marx generator of a rated voltage of 500 kV and a storage energy of 2.2 kJ. This generator produced a standard positive lightning impulse voltage of 1.2/50 μs. It was supplied by a testing transformer with a ratio of 230:110000 and a solid-state high voltage rectifier. Measurement of the peak value of voltage impulse was achieved using a resistive voltage divider and a peak value meter. The voltage waveform was also observed on the screen of the oscilloscope used in the experimental setup.


Figure 1. Laboratory setup used in the experiment: LIG—lightning impulse generator, VD—voltage divider, R—limiting resistor, PMT—photomultiplier, DPO—digital oscilloscope, PVM—peak value meter.
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The voltage was supplied to the electrode system, which is presented in Figure 2.


Figure 2. Electrode system used in the studies: 1—HV electrode, 2—insulating pressboard plate, 3—grounded electrode.
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This system was placed in a test cell of 26 liters in volume. It consisted of a HV (high voltage) point electrode made of a tungsten needle with a 250-μm radius of curvature and a grounded electrode made of an aluminum plate 150 mm in diameter. On the surface of the grounded electrode, a 5-mm-thick pressboard plate was deposited. Before the beginning of the experiment, the pressboard plates were dried and impregnated in the liquid, in which the measurements were then performed. The procedure of drying and impregnation included the following:

	
24 h of drying in a vacuum at a temperature of 105 °C,



	
impregnation with the given liquid in a vacuum at a temperature of 85 °C for 24 h, and



	
lying in the vacuum at ambient temperature for 24 h.








The distance between the tip of the HV point and the surface of the insulating pressboard plate was set to 10 mm.



The research was focused on the assessment of the processes that occurred on the basis of the registration of light emitted by the streamers and the breakdown channel using the photomultiplier. It is assumed, in view of the experience gained during many years of studies, that the light pulses are strictly correlated with current pulses providing knowledge about the possible mode of streamer propagation and the level of ionization of streamer channels [13,14,15,17,18,19,21,23,24]. The choice of photomultiplier as a light detector resulted from the fact that light generated by the streamers is weak and the amount of light that reaches the side window of the test cell is limited by the absorption and dispersion phenomena, and only a photomultiplier (PMT) is a detector that is sensitive enough to register such a weak light. The light caught by the end of the optical fiber cable placed in the above-mentioned UV (of the lower wavelength range equal to 300 nm) side glass window of the test cell was transferred to the photomultiplier. The Hamamatsu R1925 photomultiplier with a wavelength range from 300 to 850 nm was used. The PMT output signal, after being amplified, was registered using the oscilloscope in the form of a waveform (temporal sequence of discrete negative pulses having the rise-times of a few nanoseconds). Simultaneously, the waveforms obtained were saved on a hard-disk of a PC-type computer where it could be analyzed and compared with other results of the measurements.




3. Measurement Assumptions


Three commercial dielectric liquids were used in the experiment: naphtenic type mineral oil, organic synthetic pentaerythritol ester, and natural ester produced from soya bean. All three liquids before the beginning of the experiment were defined in relation to their basic dielectric parameters. This was assumed that the liquids tested had to fulfill the requirements described in the standards corresponding to a given liquid [25,26,27]. The values of the parameters measured are set in Table 1.



Table 1. Basic dielectric parameters of the liquids tested.







	
Parameters

	
Synthetic Ester

	
Natural Ester

	
Mineral Oil






	
AC breakdown voltage—mean value [kV]

	
64

	
67

	
66




	
Dielectric dissipation factor at 90 °C and 50 Hz

	
0.0108

	
0.0446

	
0.004




	
Moisture content [ppm]

	
129

	
102

	
12










The next step was to define a measurement cycle. This cycle was related to previously estimated inception voltages of the streamers. A procedure of inception voltage estimation was described in detail in [28]. The calculations were performed using MOSTAT software where the maximum likelihood method was applied. This software is the authors’ tool, which was created at the High Voltage Division of the Institute of Electrical Power Engineering of Lodz University of Technology, Poland, and has been tested from many years, solving both scientific and industry problems [17,24,29,30,31]. The results of this estimation for the considered gap distance of 10 mm are quoted in Table 2. The statistical distribution used for estimation was a three-parameter Weibull distribution described by Equation (1) presented below.
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Table 2. Weibull distribution parameters for positive impulse inception voltages.







	
Type of Liquid

	
V0 [kV]

	
Vm [kV]

	
k

	
VMed [kV]






	
Synthetic ester

	
49.9

	
55.8

	
0.9

	
53.7




	
Natural ester

	
49.3

	
54.4

	
1.6

	
53.4




	
Mineral oil

	
43.2

	
55.3

	
4.2

	
54.3










In this equation,

	
V0 is the location parameter for which F(V0) = 0, meaning the threshold value of voltage below, in which discharge initiation in a given electrode configuration does not occur (expressed in kV);



	
Vm is the scale parameter for which F(Vm) = 1 − e−1 ≈ 0.632, representing the value of voltage below, in which 63.2% of the analyzed population of inception voltages is included (expressed in kV);



	
k is the shape parameter, a measure of the dispersion of the data;



	
Vi is the random variable (inception voltages measured in kV).








In addition to the main parameters of the Weibull distribution, the 0.5th percentile (median VMed) of the measured values was added.



On the basis of the results obtained, the reference value was determined as the starting value for the studies planned. This value was rounded up for an integer value taking into account the voltage step assumed. Hence, 55 kV was treated as a reference inception voltage Vi for all the liquids tested. This was done because similar values VMed were obtained in each case. After the inception voltage estimation, it was assumed that, starting from this value of the testing voltage, the next voltage levels would be reached by increasing the voltage in 0.2 Vi steps.



For the inception voltage and subsequent inception voltage multipliers, 20 lightning impulses were supplied to the electrode system tested at each voltage level. The oscillograms of light were collected in each case, and the surface of insulating plate placed on the grounded electrode was simultaneously observed after every 5 impulses. Before beginning the experiment, it was assumed that the insulating plate would be changed after each voltage step. However, taking into account that significant changes were observed on the surface of the pressboard as a result of the impact of developing streamers, the plates were changed after every 10 lightning impulses supplied.




4. Results of the Measurements


Figure 3 presents the representative oscillograms registered for the reference inception voltage Vi = 55 kV. These oscillograms are similar to each other, showing a sequence of discrete light pulses rising in time. This means that the streamers developed step by step, and each step was connected with the next extension of the streamer channels, which occurred one by one with nanosecond intervals. After reaching some distance from the HV point, electrode streamers probably disappeared in the space between the electrodes since the light pulses suddenly ended. Confirmation of this fact was reached by observation of the insulating plates used. There were no traces on the surface of these plates. Thus, the propagation mode observed was assessed as a propagation of the so-called “stopping length” streamers, probably of the second propagation mode. Alternatively, the streamers finished their propagation, reaching the insulating plate placed on the grounded electrode but without the breakdown and without any other similar phenomena. The disappearance of the streamers in the electrode space was the result of a low electrical field stress, existing in some distance from the HV point and too weak an impact of space charge that cannot maintain the ionization processes. In all of the liquids tested, this disappearance followed after a few μs from the moment of the lightning impulse supplied [13,14,15,21].


Figure 3. Oscillograms registered at testing voltage equal to Vi = 55 kV: (a) synthetic ester, (b) natural ester, (c) mineral oil; 1—voltage [20 kV/div.], 2—light [arb. units], t = 4 μs/div.
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A comparison of the oscillograms registered for the tested liquids showed significant visible differences of higher frequency of the light pulses registered for streamers developing in esters. Simultaneously, slightly higher peak values of these pulses were observed in such cases. The observed phenomenon may be explained as an easier way for the next step of propagation when the streamers develop in one of the esters. Because such a step represents the extension of the streamer channels resulting from the influence of actual electrical field stress and space charge left by the previous discharge, it may be supposed that re-ignition of the streamers, which requires restoration of the former field stress to the value able to cause the next ionization and excitation processes, for the individual liquids tested occurs in a slightly different way. Re-ignition happens more easily when streamers develop in esters with simultaneous intensification of the ionization processes.



Increase of the testing voltage caused the changes in the oscillograms registered. For all the liquids tested, the sequence of light pulses ended as a wide light pulse saturated the photomultiplier. This took place after 5–6 μs from the moment at which lightning impulse was supplied to the electrode system. Because intense flash finishing streamer propagation was also observed, the wide light pulse from the oscillograms may be identified solely with this flash. The voltage waveform, however, did not indicate a breakdown (voltage collapse was not observed); thus, it may be supposed that the streamers touched the insulating plate placed on the grounded electrode and that surface discharges started to develop with the creation of a return channel, a result of capacitive coupling between the HV point and the grounded plate [17,24]. The intensity of the processes connected with streamer propagation was, as in the case of the measurements at inception voltage, higher in the case where one of the esters was the liquid under the test. In such cases, the frequency of light pulses registered was higher, and the width of the pulse finishing the process of streamer propagation was greater. An additional fact in favor of the more intense processes occurring during the development of the streamers in esters was the observation of the insulating pressboard plate after emptying a test cell from the given liquid. The tracks left on the plate used during the measurements in the ester liquids indicated a more intense penetration of the surface of the plate with a simultaneous greater number of channels in comparison with the analogically observed channels formed during the measurements in mineral oil.



Figure 4 presents the representative oscillograms concerning the above-mentioned testing voltage equal to 1.2 Vi (66 kV).


Figure 4. Oscillograms registered at testing voltage equal to 1.2 Vi = 66 kV: (a) synthetic ester, (b) natural ester, (c) mineral oil; 1—voltage [20 kV/div.], 2—light [arb. units], t = 4 μs/div.
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The subsequent testing voltages caused many problems during measurements. In all cases at the inception voltage multipliers in the range between 1.4 and 1.8 Vi, a more intense streamer propagation started to be observed. This was deduced from the fact that a wide light pulse finishing the streamer development appeared after circa 1 μs, thus at least four times faster than at a voltage equal to 1.2 Vi. A simple calculation of the propagation velocity considering gap distance and time to appearance of wide light pulse indicated a minimum 10 mm/μs of propagation velocity, which may allow for the identification of the propagation mode as a propagation of fast streamers in very small gaps [13,14,15,18,19,20,21,22,24]. The appearance of such a phenomenon in synthetic and natural ester was observed for all the cases concerning the inception voltage multipliers equal to 1.8 Vi. For the multiplier of 1.4 Vi, such a situation took place for synthetic ester in 13 of 20 supplied lightning impulses and for natural ester in 14 of 20 impulses. In turn for 1.6 Vi, 18 of 20 supplied impulses caused fast streamer propagation in the case of the synthetic ester and in all 20 cases when the tested liquid was natural ester. Contrary to the results obtained for ester liquids in the case of mineral oil, only 11 of 20 oscillograms registered at 1.4 Vi concerned the propagation of fast streamers, 14 of 20 at voltage level equal to 1.6 Vi, and all for 1.8 Vi. In addition, the development of streamers was accompanied in many cases with breakdown, during which the light was emitted more intensely than in the case of the above-mentioned return channel. The breakdown phenomena were visible in the voltage waveforms in the form of a sudden voltage collapse. For 20 lightning impulses at a voltage level equal to 1.4 Vi, breakdown in synthetic ester took place seven times, in natural ester nine times, but in mineral oil not once. For the testing voltage equal to 1.6 Vi, breakdown was observed 14 times in synthetic ester and 18 times in natural ester. At 1.8 Vi, breakdown was, however, identified in all the cases concerning both synthetic and natural ester. In mineral oil, breakdown occurred 6 times at 1.6 Vi and 13 times at 1.8 Vi. This confirmed the assumption that the variety of phenomena in the point-insulating plate electrode system is greater than in the classical experimental electrode system, including only bare electrodes. A summary of the data collected during the measurements is presented collectively in Table 3 and graphically in Figure 5 and Figure 6.


Figure 5. Number of fast streamers per 20 lightning impulses supplied to the electrode setup tested at a given value of testing voltage.
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Figure 6. Number of breakdowns per 20 lightning impulses supplied to the electrode setup tested at a given value of testing voltage.
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Table 3. Number of fast streamers and number of breakdowns per 20 lightning impulses (LI) supplied to the electrode system tested.







	
Inception Voltage Multiplier

	
Liquid Type




	
Synthetic Ester

	
Natural Ester

	
Mineral Oil




	
Number of Fast Streamers per 20 LI Supplied

	
Number of Breakdowns per 20 LI Supplied

	
Number of Fast Streamers per 20 LI Supplied

	
Number of Breakdowns per 20 LI Supplied

	
Number of Fast Streamers per 20 LI Supplied

	
Number of Breakdowns per 20 LI Supplied






	
1.4 Vi

	
13

	
7

	
14

	
9

	
11

	
0




	
1.6 Vi

	
18

	
14

	
20

	
18

	
14

	
6




	
1.8 Vi

	
20

	
20

	
20

	
20

	
20

	
13










In order to assess whether bridging the electrodes took place along the surface of the insulating plate or with its inclusion, each plate was tested under AC voltage in the parallel electrode system in accordance with Standard IEC 60243 [32]. If the increased AC voltage did not cause the short circuit, it was recognized that breakdown through the plate did not occur. In all of the cases, the tests performed did not indicate a breakdown of the insulating plates used, thus showing a way for an inductive plasma channel that bridges the electrodes followed, as shown in Figure 7, along the surface of the plate.


Figure 7. The way of breakdown channel formed.
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Similar to the case of lower testing voltages, the intensity of the processes connected with the streamers developing in esters was greater, which was confirmed again both on the basis of oscillograms registered and by observation of the pressboard plates after being removed from the test cell. The channels on the plates were again more intense in the case of the ester liquids.



Figure 8 presents the selected oscillograms concerning the development of fast streamers at a voltage level equal to 1.4 Vi (77 kV). Figure 9 shows, however, the oscillograms registered for breakdowns at 1.8 Vi. For all the liquids tested, breakdown occurred after a time shorter than 1 μs; thus, the lightning impulse supplied did not achieve its peak value.


Figure 8. Oscillograms registered at testing voltage equal to 1.4 Vi = 77 kV: (a) synthetic ester, (b) natural ester, (c) mineral oil; 1—voltage [50 kV/div.], 2—light [arb. units], t = 4 μs/div.
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Figure 9. Oscillograms registered at testing voltage equal to 1.8 Vi = 99 kV: (a) synthetic ester, (b) natural ester, (c) mineral oil; 1—voltage [50 kV/div.], 2—light [arb. units], t = 2 μs/div.
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Due to the fact that, at a testing voltage equal to 1.8 Vi in synthetic ester and natural ester, breakdown occurred each time and always at the front of the lightning impulse, studies at higher values of voltage ceased. This resulted from the assumption that, with a large probability, such studies would not have brought more valuable information about the comparison of the pre-breakdown and breakdown processes in esters and mineral oil. It is, however, difficult to observe, beyond these differences indicated in the macro scale (number of fast discharges or breakdowns per 20 impulses supplied), any additional aspects in favor of one of the liquids tested when the time of discharge development from the initiation up to breakdown is less than 1 μs. Simultaneously, seeking the limitation in mineral oil at which, for 20 supplied impulses, 20 breakdowns occur also does not seem to make sense because better properties of the mineral oil have been clearly specified for the lower voltage multipliers on the basis of the studies performed.




5. Conclusions


On the basis of the studies performed, the following conclusions can be drawn:

	
In the point-insulating plate electrode systems investigated in these studies, the variety of phenomena which are possible to observe at a given voltage level is greater than that in classically applied electrode systems, including bare electrodes. The unambiguous inference is therefore much more difficult in the considered case.



	
The measurements performed demonstrated that, in the case of the propagation of already-initiated streamers in the tested point-insulating plate electrode system, ester liquids, as in the case of the systems with bare electrodes, demonstrate a lower resistance against the appearance of fast and energetic streamers than mineral oil. Although the inception voltage and the threshold value of the testing voltage for the appearance of fast streamers are similar, for both of the liquids tested, the differences in the results obtained are clearly indicated. The number of fast streamers observed for the voltages between 1.4 and 1.8 of Vi was always much higher in the case of synthetic and natural ester than that of mineral oil.



	
The ability to form a breakdown channel was also higher in the case of the ester liquids, where breakdown occurred almost always, only at the voltage level equal to 1.6 Vi. For mineral oil, for this voltage level, the different types of streamer propagation modes were registered from slow propagating streamers, through fast streamers that did not lead to the breakdown, up to breakdown similar to this observed in the esters. Intensification of the differences between the liquids tested at testing voltages equal to 1.8 Vi definitely strengthened the above-formed conclusion.



	
Limiting the comparison only to the esters tested, it was found that synthetic ester behaved a little better under lightning stresses. Both for 1.4 and 1.6 Vi, the number of fast streamers registered and the number of breakdowns occurring at the 20 lightning impulses supplied were lower than the corresponding numbers concerning natural ester. However, comparing the oscillograms collected, there were no obvious differences between the esters under consideration.



	
Relating the observations quoted to the theory of propagation of the streamers in liquid dielectrics, it may be supposed that both esters in small point-insulating plate electrode systems are similarly more susceptible on the appearance of such types of the streamers, which propagate as a result of liquid phase ionization (3rd or 4th propagation mode). The channels of such streamers seem to be more energetic than channels of the streamers propagating slowly (2nd mode). In turn, if the breakdown occurs in the gap that is filled with one of the esters, it is characterized by a more intense impact on solid insulation that may be damaged easier.
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