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Abstract: In this paper, results of comparative studies on the positive lightning impulse
breakdown voltage (LIBV) and accelerating voltage (Va) of six insulating liquids of different
chemical composition are presented. This paper discusses the behavior of uninhibited
naphthenic mineral oil (UMO), inhibited naphthenic mineral oil (IMO), natural ester (NE),
synthetic ester (SE), and two modern dielectric fluids: bio-based hydrocarbon (BIO) and
inhibited liquid produced using Gas-to-Liquids (GTL) technology. Measurements are taken
in a point-to-sphere electrode system for two selected gap distances: 25 mm (which is
suggested by the IEC 60897 standard) and 40 mm. After analyzing the obtained results, it is
noted that positive LIBV does not differ significantly between the tested liquids. Noticeable
differences are observed, however, for Va. The lowest values of this parameter characterize
ester liquids, which is consistent with the common knowledge in this field. In addition,
the obtained values of LIBV and Va are used to evaluate the maximum values of electric
field intensity through the application of simulations for each specific case based on the
finite element method. These simulations confirm that, for a given parameter, maximum
electric field stress is on similar level, regardless of the gap distance. This proves that the
breakdown and appearance of fast discharges are determined by specific field conditions.

Keywords: acceleration voltage; breakdown voltage; dielectric liquids; ester liquids; GTL;
mineral oil; positive polarity

1. Introduction
The fundamental elements of a power system are power transformers. Most of them

are units with so-called paper–oil insulation. Transformer windings are immersed in a
tank filled with an oil (dielectric liquid in general) in order to provide an appropriate
level of insulation, impregnate the solid insulation, and dissipate heat generated in the
transformer. Dielectric liquids also fulfill additional functions, when considering the
goal of failure-free operation of the transformer. They protect the solid insulation from
moisture or air, improve the electrical strength of the pressboard and paper, protect the
transformer against corrosion, and are a medium for extinguishing electric arcs [1,2]. The
most commonly used dielectric liquid is mineral oil, which is produced by refining crude
oil. Growing awareness of ecological and sustainable development has contributed to an
increased intensity and progress of work on alternative insulating fluids [1–5]. Due to the
constant development and pursuit of the greatest possible availability of electricity, more
and more transformers are operating in national parks, near drinking water intakes, or near
offshore wind farms, i.e., in places where the leakage of conventional mineral oil would
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be destructive to the natural environment. This is the reason for the increasing tendency
to use biodegradable dielectric liquids, such as esters (natural or synthetic), insulating
liquids based on hydrocarbons of biological origin, or those produced using Gas-to-Liquids
(GTL) technology. It is not only the need for environmental protection that contributes to
this use of alternative dielectric liquids: it is also caused by, for example, units operating
in difficult environmental conditions, where there is an increased risk of fire or very low
temperatures. The use of mineral oil is also ineffective in such conditions as, e.g., mineral
oil has a relatively low flash point. That is why new dielectric liquids are appearing on the
market, exhibiting properties that allow them to meet increasing requirements [2–7].

A significant aspect of this is the proper testing of newly introduced liquids in terms of
their electrical strength at alternating (AC) or lightning impulse (LI) voltages. Appropriate
standards have been developed describing the methods that should be used for determin-
ing these dielectric features [8,9]. The electrical strengths of these liquids at AC voltage are
usually very similar to each other when considering them either in their pre-treated form
or in a form ready to be applied in high-voltage equipment. More ambiguity occurs when
performing tests at lightning impulse voltage. Nevertheless, standardized tests of break-
down voltages at alternating or lightning impulse voltages seem to be insufficient [10–13].
The parameter of acceleration voltage at lightning impulse voltage, designated in the liter-
ature as Va, is also increasingly used, including by the authors of this paper [12–21]. Va

is defined as a value of voltage at which a sudden increase in the propagation velocity
of electric discharges is observed with increasing testing voltage. It is determined for the
non-uniform electric fields represented by point–plane or point–sphere electrode gaps.
Va, introduced for the first time by Lesaint [14], describes the value of voltage at which
the change in the propagation mode of streamers may be clearly recognized solely on the
basis of the evaluated propagation velocity. When discharges propagate with the velocity
in the range of 1–4 mm/µs, they are called slow discharges and are designated to the
slow-mode discharges. When the propagation velocity moves into 8–10 mm/µs or higher,
the discharges are called fast and are designated to the fast mode. When the latter starts to
develop, the formation of a highly energetic discharge channel is noticed, which leads to
greater exposure of the solid insulation of the insulating system. Therefore, higher values
of acceleration voltage are desirable for the dielectric liquid. Acceleration voltage was first
introduced to explain the physical processes of breakdown in liquids, mainly of a hydro-
carbon nature [14,16,17,22,23]. Since then, however, with the introduction of alternative
dielectric liquids, Va has become a parameter of comparative significance, used to assess
the differences in lightning performance of mineral oils and ester liquids [12,13,15,21].

Based on data available in the literature, it may be stated that at lightning impulse
stress, lightning impulse breakdown voltage (LIBV) is more or less at a similar level for liq-
uids of different origins [10–13]. This statement is true for both voltage polarities and mostly
small gaps. For wider gaps, and especially for negative-polarity LI voltages, LIBV becomes
higher for hydrocarbon-based liquids such as mineral oils (MOs) or GTLs [11–13,20]. In
turn, when results on acceleration voltage are considered, significant differences are shown
between liquids of different chemical origins which affect both their physical and electrical
properties, such as heat of vaporization, ionization potential, etc. Due to polar molecules
of lower ionization potential occurring in ester liquids, those liquids are characterized
by much lower Va values than hydrocarbons [12,13,15,18]. Thus, long-accepted princi-
ples for transformer designs cannot be uncritically transferred to applications involving
non-hydrocarbon-based dielectric liquids, and their properties require further investigation.

Thus far, tests designed by the authors of this paper and conducted using the same
methodology and the same electrode configuration as presented here have been summa-
rized in terms of negative polarity in the paper [20], wherein the same was discussed. In



Energies 2025, 18, 2381 3 of 21

addition, the lightning performance of GTL-based liquids (four types), in terms of negative
and positive polarity for a 25 mm gap distance, was discussed in [21] in relation to old Diala
products of petroleum origin. Limited results have also been presented in [19]; however,
none of the mentioned references have discussed collectively the positive-polarity behavior
of a set of dielectric liquids of different origins.

Hence, in this paper, a comprehensive approach to assessing the dielectric behavior of
a variety of insulating liquids is proposed with a focus on the positive polarity of lightning
impulse voltage. Currently, as mentioned above, one of the most commonly used indicators
for assessing the dielectric properties of liquids in the field of lightning performance is
LIBV, which is determined largely according to the quoted standard [8]. However, due to
the well-known fact that the LIBV of liquid dielectrics is not an objective factor describing
lightning performance, the above-mentioned indicator of acceleration voltage is also used
to show the lightning behavior of the liquids in a wider form. The liquids taken into
account in this study represent a wide range of available materials; therefore, this study
presents a complex assessment of different liquids, which has not been carried out up
until now. Furthermore, the structure of the tests performed has a comprehensive nature,
which significantly authenticates the conclusions drawn. Tests were carried out for positive
lightning impulse voltage in a point-to-sphere electrode system for two inter-electrode gaps
(25 mm and 40 mm).

2. Measurement Setup and Methodology
The following liquid dielectrics were the subject of the comparative tests:

- naphthenic uninhibited mineral oil (UMO);
- inhibited mineral oil (IMO);
- soybean-based natural ester (NE);
- pentaerythritol-based synthetic ester (SE);
- bio-based hydrocarbon (BIO);
- dielectric liquid made using Gas-to-Liquids technology (GTL).

First, two liquids commonly applied in transformers for many years were treated as
reference liquids, to which the others, being biodegradable alternatives, were compared.

Table 1 summarizes the basic physicochemical properties of the mentioned liquids.

Table 1. Basic physicochemical properties of the tested liquids.

Chemical Family

UMO—
Complex

Mixture of
Hydrocarbons

IMO—
Complex

Mixture of
Hydrocarbons

NE—Natural
Ester

(Triglycerides,
Soybean)

SE—Synthetic
Ester

(Pentaerythritol
Based)

BIO—
Hydrocarbon
(Iso-Alkane)

GTL—
Hydrocarbon

(Iso-Paraffinic)

Trade name Diala S2 Nytro 10XN Envirotemp
FR3 Envirotemp 360 Nytro BIO

300X Diala S4 ZX-I

Density at 20 ◦C
[kg/dm3]

[24]
0.88 0.87 0.92 0.97 0.78 0.8

Viscosity at 40 ◦C
[mm2/s]

[25]
11 7.8 32 29 3.7 9.7

Flash point [◦C]
[26] 146 146 320 260 145 191

Pour point [◦C]
[27] −50 −63 −23 −56 −63 −41
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Table 1. Cont.

Chemical Family

UMO—
Complex

Mixture of
Hydrocarbons

IMO—
Complex

Mixture of
Hydrocarbons

NE—Natural
Ester

(Triglycerides,
Soybean)

SE—Synthetic
Ester

(Pentaerythritol
Based)

BIO—
Hydrocarbon
(Iso-Alkane)

GTL—
Hydrocarbon

(Iso-Paraffinic)

Biodegradability
[28]

Inherently
biodegradable

Inherently
biodegradable

Readily
biodegradable

Readily
biodegradable

Readily
biodegradable

Readily
Biodegradable

Bio-based carbon
content [%]

[29]
0 0 ≈97 ≈>50 99 0

Relative
permittivity at

90 ◦C [-]
[30]

2.2 2.2 3.1 3.2 1.99 2.03

In order to be sure that the liquid’s quality did not disturb the lightning tests, mea-
surements of the moisture content using the Karl Fischer method and the AC breakdown
voltage in accordance with the [9] were carried out. For all of the liquids, the AC breakdown
voltage was clearly greater than 70 kV. In turn, the moisture content was less than 5 ppm
for UMO, IMO, BIO, and GTL, and less than 50 ppm for NE and SE. This confirms that the
liquids considered were of sufficient enough quality.

Figure 1 presents schematically the planned laboratory setup for the tests.
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Figure 1. Schematic illustration of the experimental setup.

The voltage source was a lightning impulse Marx generator with a rated voltage of
450 kV. However, although the nominal voltage of this generator is as high as 450 kV,
during the experimental tests the value of 330 kV was not exceeded as a limit of the
laboratory test room. The generator allowed for the generation of standard lightning
impulse voltage with characteristic times: T1 = 1.2 µs ± 30% and T2 = 50 µs ± 20%. It was
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powered by a TP110 testing transformer with a voltage ratio of 110,000/230 V, and voltage
was rectified using a matched high-voltage rectifier. The peak voltage value was measured
using a resistive voltage divider and a peak value meter. The signal from divider was also
recorded on an oscilloscope to show the actual shape of the voltage waveform. Lightning
impulse voltage was supplied to the point–sphere electrode system located in a cylindrical
test cell, connected to the generator via a limiting resistor. The design of the test cell was a
modification of the system described in the standard [8]. The volume of the test cell was
about 5 liters. As mentioned above, a point–sphere electrode system was used for the tests.
The radius of curvature of the point electrode was 50 µm and it was made of tungsten. The
grounded sphere electrode was a polished steel bearing ball with a diameter of 13 mm.
This was mounted with a magnet. A diagram of the electrode system used is shown in
Figure 2.
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Figure 2. Electrode system used in the tests.

A light guide was attached to the test cell as per Figure 1, which was a part of the light
detection system. It is assumed that registering the light emitted by developing discharges
may determine the degree of ionization of discharge channels [6,12–15,21]. However, the
absorption and scattering of light by the liquid cause problems during its detection; hence,
a sufficiently sensitive optical instrument such as a photomultiplier (PMT) must be used
for the purpose of light detection. The amount of light reaching the end of the light guide
is very limited, so the PMT must be selected appropriately. In addition, the PMT should
be selected with regard to the wavelength range in which light emitted during discharge
propagation will be contained. The spectrum of light emitted during discharges of positive
and negative polarity in mineral oil is in the range of 350 nm to 700 nm [31–33], so for this
range the Hamamatsu R1925 photomultiplier was applied with designated equipment in
the form of a socket, a power supply, and an amplifier. In order to present the results of light
detection as a time-related response, the output signal from the PMT was transmitted to a
digital oscilloscope. Thanks to this, a time course was generated, which corresponded to
light pulses of discharge. An oscilloscope with a high sampling rate of 5 GS/s and a transfer
band of up to 500 MHz was used, which, besides the light pulse courses, records voltage
waveform as well. It should be noted that the value of photomultiplier amplification is
related to the supply voltage. This value was selected experimentally and maintained at the
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same level for all measurements. Thanks to this, the obtained results could be compared
with one another.

LIBV was determined in accordance with a step method, with one shot per step.
This means that tests were performed by successively applying a one-standard lightning
impulse to the electrode system immersed in the tested liquid per measurement step. Peak
voltage was increased until breakdown occurred. The adopted voltage step (∆V) was
5 kV and a time interval of ∆t1, which was 60 s, was maintained between subsequent
voltage levels. For a test to be considered reliable, the sample needed to withstand at least
3 voltage steps before breakdown. After breakdown, the liquid was stirred to speed up its
regeneration. A time interval ∆t2 of 30 min was maintained before starting each subsequent
test procedure. The point electrode was replaced after each breakdown, while the sphere
electrode was rotated. The sphere electrode was replaced after 5 breakdowns. The number
of measurement procedures was set to ten in order to obtain enough values for statistical
analysis. Such an approach was in line with the authors’ previous works [19–21,34], but
also with an approach applied in this field by others [6,11,15,35]. Figure 3 schematically
illustrates the method of determining the LIBV of a liquid.
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Figure 3. Scheme of the procedure used to determine the LIBV of a dielectric liquid. ∆V—voltage
step; Vb1, 2 . . . 10—determined LIBV; ∆t1—time between subsequent discharges; ∆t2—time between
subsequent testing procedures.

The obtained LIBV results were subjected to statistical processing. In many studies,
authors try to find an appropriate statistical distribution that reflects their observations in
the best way. When analyzing values of 50% breakdown probability, results for individual
statistical distributions do not differ significantly. From a technical point of view, values for
low percentiles (e.g., 5% breakdown probability) are interesting due to the fact that they
may be treated as the so-called withstand voltage [36–38]. Many conducted studies confirm
the hypothesis that the Weibull distribution function is a suitable function for the statistical
processing of data on LIBV [39,40]. Hence, for the purposes of this research, the analysis of
obtained results was performed using the two-parameter Weibull distribution.

To determine the acceleration voltage (Va), the tests started from the earlier-evaluated
LIBV for each liquid, respectively. Peak voltage was increased, as before, with a voltage step
of ∆V = 5 kV, until a significant reduction in time to breakdown was achieved, indicating
a transition from slow to fast discharges. As in the case of determining the LIBV, a break
of ∆t1 of 60 s was maintained between subsequent voltage levels. For each tested liquid,
two measurement procedures were performed, maintaining the time between them at ∆t2
of 30 min. As in the case of LIBV, the number of series remained the same, in accordance
with the authors’ previous experience [19–21,34]. Figure 4 shows the method of determining
the acceleration voltage graphically.
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Figure 6. Set of Weibull plots of LIBV for a 40 mm gap distance.

From the presented plots, the values of 5% (Vb5%) and 50% (Vb50%) breakdown
probabilities were gathered as comparative factors. In Table 2, they are shown jointly for
all liquids. Standard deviations (SD) and average values (Vb) calculated from the vector
of random variables representing each given liquid are also included in this table. For
improved result visualization, Figure 7 provides a graphic representation of 5% breakdown
probabilities as the withstand voltages for the testing conditions.

The level of 5% probability is a commonly accepted and used indicator in statistics
concerning breakdown voltage data, both in terms of LI voltage and AC voltage, as seen
in, for example, [12,13,15,35,39,40]. It may be treated, as previously mentioned, as the
withstand voltage value and applied for comparative purposes. Hence, such a line of
reasoning was adopted here for analyzing the results obtained.

Looking at the results for 5% LIBV, it may be stated that the liquids do not exhibit
high discrepancy in terms of positive lightning impulse voltage. When putting together the
results concerning 25 mm and 40 mm, it is noticeable that they fluctuate, which means that
a liquid that has a lower LIBV for the 25 mm gap may have a higher LIBV for the 40 mm gap
distance. Hence, it is clear that none of the liquids may be treated as clearly behaving better
the others. For example, UMO has the lowest LIBV for the 25 mm gap and the highest for
40 mm. This shows and confirms the strong stochastic nature of breakdown phenomena in
dielectric liquids under positive lightning impulse stress with a non-uniform electric field,
which is consistent with the observations published in the literature [12,13,19,23].
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Table 2. Characteristic levels of positive LIBV and probabilities determined from the two-parameter
Weibull distribution.

Breakdown Probability UMO IMO NE SE BIO GTL

25 mm

Vb [kV] 69 69 83 67 80.5 66.5

Vb5% [kV] 57 62 71 60.5 64.5 57

Vb50% [kV] 69.5 69.5 84 68 81 67

SD [kV] 5.68 3.16 6.32 5.37 7.25 4.12

Median [kV] 70 55 80 70 77.5 65

40 mm

Vb [kV] 127.5 120.5 117.5 100 124 109

Vb5% [kV] 112.5 99.5 102 92 110 100.5

Vb50% [kV] 128.5 121.5 118.5 100.5 125.5 110

SD [kV] 7.55 9.26 7.17 4.08 8.43 5.16

Median [kV] 130 120 115 100 125 110
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In conclusion, the lightning performance of the variety of dielectric liquids tested here
cannot be assessed only on the basis of LIBV; acceleration voltage should be considered as
well in this regard to show a more in-depth comparison between the liquids.

3.2. Acceleration Voltage

As mentioned above, Va was determined through an analysis of the relationship
between propagation velocity and applied voltage. The propagation velocity was de-
termined from the registered oscillograms of voltage and light. The method used for
reading this is shown in examples of oscillograms in Figures 8 and 9. These examples
were chosen to illustrate a case of a developing discharge causing a breakdown for slow
and fast propagating discharges, respectively. The propagation velocity of discharges was
obtained simply through dividing the gap distance by the time to breakdown read from
the voltage waveform.
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Figure 9. Method of reading time to breakdown from an example oscillogram recorded during the
determination of Va (245 kV) for the IMO liquid with a 25 mm gap and positive polarity, where
1—voltage, 2—light, with a time base of 4 µs/div and volts/div of 100 kV.

Results showing the relationship between propagation velocity and applied voltage,
collectively for all liquids tested, are shown in Figures 10 and 11 for the 25 mm gap distance
(Figure 10) and 40 mm gap distance (Figure 11).

It is worth noting that in the case of tests under positive lightning impulse voltage, the
propagation velocity of streamers does not increase uniformly with increases in applied
voltage, unlike in the case of negative lightning impulse voltage. The moment of the
change in propagation mode from slow to fast is, for positive polarity, always sudden,
which facilitates the identification of the acceleration voltage [12,13,15,16,21,23]. Taking
into account the authors’ previous experience in this field, for the purposes of this research
the value of Va was assumed to be the moment when discharges reach a propagation
velocity of about 10 mm/µs [19,21]. Approximate values of acceleration voltages, read
from the above-quoted figures, are presented in graphical form in Figure 12.
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The lowest values of Va were noticed for the ester fluids, NE and SE, which is not a
surprise. The esters contain polar molecules in their chemical structure (double oxygen
bonds in the ester group), which are characterized by a reduced ionization potential, and
this may contribute to an acceleration of the development of discharges in esters; at lower
voltage values (lower value of local electrical field stress), the molecules of reduced ioniza-
tion potential are directly ionized and start to be involved in the discharge development
process. The obtained results are consistent with theories and observations found in other
studies [13–15,23]. In turn, higher values of Va were seen for the hydrocarbon fluids (UMO,
IMO, BIO, and GTL). From this group of liquids, the lowest values were obtained for
BIO. Since the aromatic molecules in this liquid volume are understood to slow down the
propagation velocity due to their higher ionization potential, the above observation is not
unexpected. BIO lacks aromatic hydrocarbons in its chemical composition in comparison to
the other hydrocarbons tested (UMO, IMO, and GTL), which is seen in the reduced value
of Va.

It should be noted that there are larger inaccuracies in predicting the discharge velocity
for times to breakdown of approximately 1 µs or less. This is because discharges have the
potential to be initialized before the voltage reaches its peak value, which may result in
a time to breakdown that is less than the time to peak, which is equal to 1.2 µs. For this
reason, it is possible to incorrectly determine the propagation velocity of fast discharges
(i.e., those faster than 6–10 mm/µs).

3.3. Light Emission

Light emission is a qualitative indicator of discharge behavior in liquids under light-
ning impulse voltage. However, for positive polarity, light intensity is harder to ana-
lyze because positive-polarity emitted light is weaker than in the case of negative po-
larity. In other words, negative discharges always emit more light than their positive
counterparts [12,13,21]. This is due to the lower value of voltage connected with discharge
processes such as initiation and breakdown. Hence, especially for the hydrocarbon liquids,
either light is not noticeable on the recorded oscillograms or only individual pulses can
be observed, even at the voltage level preceding breakdown. Examples of oscillograms
recorded at the voltage level directly before breakdown, confirming the above statement,
are presented in Figure 13. Examples (a) and (b) show individual pulses after circa 20 µs,
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while examples (e) and (f) show no pulses at all. In turn, examples (c) and (d) present
discharge processes that are quite intense in terms of time: discharge is initiated and
disappears after 15–20 µs. Please note that during the first 1–2 µs, the signal recorded
on the course of light (red course in the oscillogram) does not represent light itself. This
is the disturbance caused by the impulse electric field from the lightning impulse gener-
ator and cannot be used in the assessment. In general, light intensity is always higher
for ester liquids, but for hydrocarbons the intensity is very low and sometimes cannot
be detected.
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Figure 13. Examples of oscillograms of voltage and light intensity generated under positive light-
ning impulse voltage in a point-to-sphere electrode system, with a 40 mm gap, registered just
before breakdown happened: 1 (blue)—voltage; 2 (red)—light pulses; x-axis—time, 4 µs/div;
y-axis—voltage, 50 kV/div (for b,c,d), 100 kV/div (for a,e,f). (a) UMO—125 kV, (b) IMO—120 kV,
(c) NE—110 kV, (d) SE—95 kV, (e) BIO—120 kV, (f) GTL—105 kV.

From the perspective of light registration, the situation when breakdown occurs is
interesting. The event of breakdown was not preceded by intense light emission as in
the case of negative polarity. In the esters, some weak pulses are noticeable, but for other
liquids the light courses were almost lacking any light activity, similar to observations at
the voltage levels without breakdown. Examples of oscillograms concerning breakdown
events are shown in Figure 14.

Looking at the above examples representing breakdown, it is clearly observed that
they deal with slow-developing discharges, since the time to breakdown is at least equal
to 16 µs and, when it comes to the gap distance of 40 mm, the propagation velocity of
discharges causing breakdown is equal to maximum 2.5 mm/µs. For this reason, the liquids
may be treated as equivalently good in terms of lightning performance at positive polarity.
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developing discharges; breakdown happens in all cases after a few microseconds (less 
than 4 µs), which corresponds to a propagation velocity equal to 10 mm/µs or higher. Such 
a propagation velocity corresponds solely to the fast mode of discharge propagation. 
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impossible to conduct a comparison. 

In conclusion, positive discharges cannot easily be assessed qualitatively on the basis 
of recorded light. This statement is not, however, a surprise, because data from the litera-
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Figure 14. Examples of oscillograms of voltage and light intensity generated under positive lightning
impulse voltage in a point-to-sphere electrode system, with a 40 mm gap, registered when breakdown
happened: 1 (blue)—voltage; 2 (red)—light pulses; x-axis—time, 4 µs/div; y-axis—voltage, 50 kV/div
(for b,c,d), 100 kV/div (for a,e,f). (a) UMO—130 kV, (b) IMO—125 kV, (c) NE—115 kV, (d) SE—100 kV,
(e) BIO—125 kV, (f) GTL—110 kV.

In turn, Figure 15 presents a set of oscillograms for breakdown being a result of fast-
developing discharges; breakdown happens in all cases after a few microseconds (less than
4 µs), which corresponds to a propagation velocity equal to 10 mm/µs or higher. Such a
propagation velocity corresponds solely to the fast mode of discharge propagation.

Obviously, for these oscillograms, differences are visible only in terms of the value of
voltage at which the fast discharges are noticed. Hence, these oscillograms partially confirm
what was presented earlier in this paper in terms of the discussion of the acceleration voltage
parameter. In terms of light, due to the short time to breakdown, it is practically impossible
to conduct a comparison.

In conclusion, positive discharges cannot easily be assessed qualitatively on the basis of
recorded light. This statement is not, however, a surprise, because data from the literature,
reported by both the authors and others, show similar observations [12,15,17,19]. The only
phase in which differences between the liquids appear is the phase concerning the so-called
stopping length discharges, i.e., discharges preceding breakdown. In such cases, there are
always more pulses noticed in esters with higher peak values occurring simultaneously,
which was pointed out earlier when discussing Figures 13 and 14.
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Figure 15. Examples of oscillograms of voltage and light intensity generated under positive lightning
impulse voltage in a point-to-sphere electrode system, with a 40 mm gap, registered when acceleration
voltage was reached: 1 (blue)—voltage; 2 (red)—light pulses; x-axis—time, 4 µs/div; y-axis—voltage,
100 kV/div. (a) UMO—280 kV, (b) IMO—280 kV, (c) NE—130 kV, (d) SE—110 kV, (e) BIO—235 kV,
(f) GTL—310 kV.

3.4. Electric Field Analysis

The obtained LIBV and Va results were used to carry out finite-element-method-based
simulations of electric field distribution, with a special focus on the maximum values of
electric field at the tip of the HV electrode. These simulations were intended to show the
differences between the liquids in terms of the aforementioned values responsible for the
same physical processes: breakdown or discharge acceleration. Thus, when applying the
value of LIBV as voltage potential, we can obtain the maximum electric field around the tip
of HV electrode, which causes the initiation of the discharges, leading to breakdown. In
turn, when the values of Va are designated as the voltage potential of the HV electrode,
we can state that the maximum electric field around the tip of the HV electrode causes
the direct initiation of fast discharges. Only such issues were considered herein, which
facilitated a comparison of the specific values for two gap distances. Simulating discharges
(streamers) developing in liquids is a more complex issue, for which one must consider the
transition from the gaseous phase to the liquid phase, the different ionization potentials of
ionized molecules, etc. Until now, only a few studies have been conducted in this field, and
although these works present some of the ways in which discharges develop in liquids,
they simplify the discharge process a lot and do not relate fully to real pre-breakdown
phenomena in liquids [41–43]. Hence, the values of maximum electric field obtained from
simulations may be identified as the values causing the development of a given mode
of discharges, especially when comparing these values with the electric field values in
correspondence with the LIBV and Va. For the purpose of these simulations, the FEMM 4.2
software was utilized. This software uses two conditions to solve electrostatic problems:
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the first one is a differential form of Gauss law, and the second one is a differential form of
Amperes loop law. The user may define the data range and boundary conditions.

As expected, in each case, the area with the highest values of electric field intensity was
at the tip of the HV point electrode, and these values dropped very quickly with increases
in the distance from the tip. This is a classic example of a field distribution in an electrode
system with an extremely non-uniform field [11,12,16]. Figure 16 shows an example of
the generated results for one specific case with a natural ester as the dielectric liquid. The
legend presented on the right side of the figure was directly generated by the software, so
it was not possible for the authors to change it.
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Figure 16. An example of the generated results for a natural ester as a dielectric liquid.

Determination of the maximum values of electric field intensity was generally aimed
at checking whether breakdown and then the appearance of fast discharges occurred
under the tested conditions, which were, for each given liquid, similar regardless of the
gap distance. This would facilitate, to some extent, a generalization of the conclusions
obtained for the considered testing conditions. The results are illustrated collectively in
Figures 17 and 18.
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Analyzing the obtained characteristic values of maximum electric field stress corre-
sponding to the LIBV, it can be noticed that slightly higher values occur at the 40 mm gap
distance, and this is a true for all liquids considered. In addition, the values are consistent
with the theory of breakdown in liquids, which says, in general, that electric field stress at
the tip of the HV electrode responsible for breakdown fluctuates at around 1 MV/cm, inde-
pendently of the radius of curvature of the HV electrode and the liquid type [16,17,22,23].
In turn, the electric field stress values calculated for Va show less differences between the
results for the 25 and 40 mm gap distances, especially for IMO, SE, and BIO, and to a
lesser extent for GTL. For the former three liquids, the differences are around 7% as far as
comparing both gaps is considered. However, for the rest of the liquids, the differences are
from 12% (for GTL) to as high as 25% (for UMO), which confirms the more unpredictable
behavior of these liquid types under positive lightning impulse voltage, with acceleration
voltage as a parameter and a non-uniform field as the experiment conditions.

4. Conclusions
The research results presented in this paper enable the formulation of the following

conclusions:
The values of LIBV show that the tested liquids do not exhibit high discrepancy in

terms of positive lightning impulse voltage, unlike what is seen for negative polarity. The
values of LIBV obtained for 25 mm and 40 mm fluctuate, which means that a liquid that
has a lower LIBV for the 25 mm gap may be characterized as having a higher value for
the 40 mm gap distance. This confirms the stochastic nature of breakdown phenomena in
dielectric liquids under lightning impulse stress with a non-uniform electric field.

Fast discharges, which are treated as being more energetic, being of a higher tempera-
ture, and allowing to excite and ionize the molecules to a greater degree of ionization, occur
more easily in ester liquids. This conclusion is, of course, consistent with the literature in
this field [12,13,15,21]. However, in terms of the remaining tested liquids (IMO, UMO, BIO,
and GTL), advantages are observed for UMO and GTL.

The intensity of light emitted during discharge propagation, which is a useful indicator
for describing the pre-breakdown phenomena in liquids at negative polarity, is not as
valuable for positive discharge assessment. However, this statement is limited to the
conditions of this study’s experiment. For larger gaps (>40 mm), light emission may be
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the equivalent factor for qualitative assessments of discharges in liquids, as in the case of
negative polarity, which needs to be checked through a separately designed experiment.

Commonly performed tests of power transformers are limited to negative lightning
impulse voltage. The above-mentioned measurement results show that performing tests at
positive polarity is also worth considering, in which differences in terms of the analyzed
parameters are more pronounced than in the case of negative polarity.

Based on the obtained results, it can be stated that determining the Va of discharges in
a given insulating liquid at lightning impulse voltage can be a significant extension of a
range of indicators defining the dielectric properties of liquids. Adding it to the existing set
of standard indicators such as breakdown voltage at nominal frequency or LIBV, especially
at a time when more and more alternative insulating liquids are appearing in mass use,
could better facilitate decision-making on the use of a given solution in the insulation
system of a power transformer with paper–oil insulation.
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