doi:10.14311/ppt.2023.1.36
Plasma Physics and Technology 10(1):36-39, 2023

© Department of Physics, FEE CTU in Prague, 2023

STATISTICAL METHODS FOR IDENTIFYING SMALL DIFFERENCES IN
THE THERMAL INTERRUPTION PERFORMANCE OF SFg ALTERNATIVES

J. ENGELBRECHT*, P. PIETRZAK, D. CHRISTEN, P. SiMkA, C. FRANCK

High Voltage Laboratory, Swiss Federal Institute of Technology Zurich (ETHZ), 8092 Zurich, Switzerland

jengelbre@ethz.ch

Abstract.

This contribution will present thermal current interruption measurements performed in pure CO9
with a puffer circuit-breaker test device and establish a statistical method to assess the reignition
probability as a function of the prospective current slope. Its efficacy will be demonstrated with
measurements of the interruption limit scaling with respect to the pressure buildup inside the test
device. A separate contribution will apply these methods to evaluate the influence of fluorinated

additives on the switching performance [1].
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1. Introduction

A paradigm shift is underway in high-voltage power
transmission, with long-standing SFg-insulated de-
signs being phased out in favor of alternatives with
lower global warming potential. A number of pro-
posed solutions for SFg-free gas circuit-breakers use
COs-based mixtures. In such mixtures the thermal
switching behavior is mainly set by the CO4 base gas,
making the influence of additives challenging to detect
experimentally. To investigate the switching processes
in these mixtures, a test device based on the puffer
circuit-breaker principle has been developed, enabling
the study of pure gas properties under highly con-
trolled conditions [2]. This contribution will present
thermal interruption limit measurements performed
with this device, and establish a statistical method
to assess the reignition probability as a function of
the prospective current slope. The method will be
used to show that the interruption limit in CO4 fol-
lows a blow pressure scaling of 3.1 - \‘;@. Using this
approach, the interruption limit may be determined
with an uncertainty much smaller than the scatter of
individual test results, thereby allowing small changes
in interrupting performance to be detected.

2. Methods

Experiments were performed using the setup shown
in Fig. 1, introduced in [2]. A hydraulic drive acts to
separate arcing contacts and compress a puffer volume.
This generates a pressure difference Ap that blows cold
gas through the arcing region inside a PMMA nozzle,
cooling and extinguishing the arc at a current-zero
(CZ) crossing. Measurements were performed in COq
at a fill pressure of 5bar for four blow pressure (i.e.
Ap) settings. Ap was varied by changing the opening
speed of the drive via its throttle setting, while the
timing of the drive trigger was adjusted such that
the arc length measured by a linear potentiometer
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Figure 1. Interrupter region of puffer CB test device.

was always 43 + 1 mm at the first CZ crossing. Using
this method the pressure buildup may be controlled
to within £100 mbar, as measured by two transient
pressure sensors located inside the puffer cylinder.

A synthetic test circuit was used to generate the test
conditions: a high-current circuit (HCC) sustained
the arc through the contact opening, and a current-
injection circuit (CIC) controlled the dI/dt¢ at CZ and
the transient recovery voltage (TRV) rise, at a fixed
450 2 surge impedance. This setup allows conditions
at CZ to be controlled with high reproducibility, in-
dependently of the peak HCC current, as the CIC
settings determine the prospective d/dt, while the
puffer-breaker controls the pressure buildup with min-
imal influence from backheating. It should be noted
that this setup produces a sustained TRV rise for
at least 10 s, a more prolonged voltage stress than
would be applied in L90-like short-line fault (SLF)
tests at the same dI/dt and du/dt, where the first
line peak would occur within the first several ns [3].

To determine the thermal interruption limit, the
applied dI/dt and TRV must be varied while other
conditions at the interruption instant are held con-
stant. In practice, this was done according to the
procedure introduced in [4]: the charging voltage of
the CIC was varied in 1kV increments between 15kV
to 30kV, corresponding to changes in the prospective
dI/dt at CZ of approximately 0.33 A /us over a range
from 5A/ps to 10 A/ps. Sets of 3-7 measurements
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Figure 2. a) Scatter plot of 44 test outcomes in COq
as a function of blow pressure and prospective dI /dt
(data points may overlap) b) Box-plot representation
of measurement results.

were performed at each setting, covering a range from
100% success rate to 100% failure rate, providing a
good measure of the scatter of interruption outcomes.

3. Results & Discussion

3.1. Interruption Limit Determination

A scatter plot showing the outcome of each test per-
formed for one pressure setting in CO4 as a function
of the prospective dI/d¢ is presented in Fig. 2a, with
interruption successes and failures indicated by color
and plotted as a function of the measured blow pres-
sure at CZ. Substantial scatter is evident, with both
successes and failures occurring over a 2 A /ps range.
In order to determine a limit value from this data, we
define the limit as the dI/dt¢ at which there is an equal
likelihood of a reignition or a successful interruption.
The rate of change of the interruption probability with
respect to dI/dt should be maximized near this value,
minimizing the uncertainty.

One method for determining the limit is with quan-
tiles chosen to span the overlap of the two distributions.
This can be visualized with the box-plot shown in Fig.
2b. Here the data from the scatter plot is grouped
into two separate distributions for the interruption
successes and failures. To examine only the influ-
ence of the prospective dI/d¢, all tests are treated as
having the same blow pressure of 5.8 + 0.1 bar. The
box-plot denotes the quartiles of both distributions:
the colored regions represent the central 50%, bounded
at the upper and lower quartiles, while the whiskers
extend to the extrema of measured values that lie
within 1.5 interquartile range of the central distribu-
tion, with outliers plotted individually. Taking the
difference between the upper quartile of successes and
the lower quartile of failures provides an estimated
limit of 7.6 A/ps that can be perceived visually as the
midpoint between the blue and orange boxes.

This approach provides a reliable measure of the in-
terruption limit and a good representation of the scat-
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Figure 8. a) Histogram of thermal interruption test
outcomes as a function of prospective dI/dt. b) Plot
of estimated probability distribution and interruption
limit determined from measurement results.

ter of test results, however it has several drawbacks.
The method is somewhat sensitive to the sampling
approach; e.g. if more measurements are performed
under low dI/dt conditions with a high likelihood
of success than are performed at high dI/dt where
more failures are expected, the limit may be skewed
to a lower dI/dt value. This issue can be somewhat
mitigated by a careful sampling approach centered on
the interruption limit, but this requires foreknowledge
of the expected limit and reduces flexibility during
testing. The uncertainty of the limit is also difficult
to quantify with this method, despite box-plots pro-
viding a good indication of the range in which the
outcome of an individual test is uncertain.

To establish the uncertainty, it is useful to consider
the data using statistical methods aimed at estimat-
ing the underlying probability distribution. Fig. 3a
contains a histogram with the measurements from Fig.
2. Each bin contains one d/dt setting, and represents
the outcome of n independent trials, each of which
had nominally the same probability p of a successful
interruption, resulting in ng successes and ng fail-
ures. The results in each bin are therefore described
by the binomial distribution B(n,ng,p), where p is a
function of the prospective dI/dt.

With this description, an estimate for p and its
uncertainty at each dI/dt setting can be obtained
using the so-called Wilson score interval [5],

1.2 2

ng + 52 z nsng 2
~ + \/ —, 1
n+ z2 n + 22 n + 4 (1)

where z is set based on the target confidence level, tak-
ing a value of 1 for an interval spanning 1o uncertainty.
Several methods have been proposed for estimating
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p, however the Wilson interval has ideal properties
for describing the present experiment, namely that
it may be reasonably applied to datasets with a low
number of trials and/or values of p near 0 or 1 [6].

In Fig. 3b, estimated confidence intervals and values
of p are plotted beneath the corresponding bins from
the histogram, demonstrating lower uncertainty for
settings with a higher number of trials. These points
indicate the probability of interruption p(dI/dt) with
meaningful uncertainty, and form a distribution with
empirically known properties. p should decrease mono-
tonically with dI/d¢, approaching 1 at low dI/d¢ and
0 at high dI/d¢. These properties describe an inverse
cumulative distribution function (ICDF). To evaluate
the interruption limit based on our estimated proba-
bilities, we make the assumption that the underlying
data is normally distributed and therefore can be fit
with a Gaussian ICDF, with the points individually
weighted by their uncertainties. This fit is shown in
Fig. 3b, and corresponds to a normal distribution with
a mean value p = 7.6 A/pus and width o = 0.7 A/ps.
For comparison with this fit, an empirical ICDF that
does not rely on assumptions about the distribution is
also useful. Binary datasets do not translate directly
to such an empirical representation, however one may
be estimated using the method proposed by Turnbull,
also plotted in Fig. 3b [7].

By definition, p occurs at the p = 0.5 crossing of
the ICDF and so corresponds to the thermal inter-
ruption limit. The uncertainty of the limit is then
equivalent to o, = Z, the uncertainty in the mean of
the distribution, and o provides an indication of the
scatter around this value, i.e. the region in which the
outcome of an individual trial cannot be predicted
to within 1o confidence. Hence the method yields an
interruption limit of 7.6 + 0.1 A /us for CO4 at a blow
pressure of 5.8 bar, but indicates that for at least 84%
certainty of a successful interruption, dI/d¢ should
not exceed 6.9 A/ps.

3.2. Pressure Scaling in CO,

To confirm the efficacy of this method, it was used to
study the scaling of the thermal interruption limit in
CO5 with respect to the blow pressure at CZ. Pres-
sure dependence has been studied thoroughly in SFg
and shown to scale approximately with ,/p [8], while
theoretical models predict the same ,/p scaling inde-
pendent of blow gas [9]. Fig. 4 shows the results:
the interruption limit determined using the binomial
probability estimation method is plotted with error
bars indicating the limit uncertainty o,. Good agree-
ment is observed between this method and the afore-
mentioned box-plot quantile method, with all data
points lying within the indicated uncertainty. Simi-
lar agreement is observed for the plotted fits to the
function a\/K , with both methods yielding values of

_ A . e e 7.
a=3.1 vt The expected scatter is indicated by

the shaded blue region in this figure, determined by
fitting the same a+/Ap function to y + o and u — o,
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providing an uncertainty band that agrees with the
experimentally observed scatter, as evidenced by the
extrema indicated with orange error bars.

An interruption limit of 7.7 A /ns was determined for
the highest investigated blow pressure of Ap = 6.2 bar.
This finding is comparable to other values reported in
literature: Uchii et al. showed a thermal interruption
limit for CO9 near 7.5 A /us in the absence of signifi-
cant nozzle ablation, however the blow pressure was
not reported [10]. Stoller et al. determined a limit
of approximately 11.2 A/ps at a higher blow pressure
of Ap = 11bar [11]; extrapolation of our fit predicts
a slightly lower limit of 10.4 A/ps at this pressure.
It should also be noted that this study assumed an
interruption performance scaling with the square-root
of the absolute stagnation pressure pg, contrary to our
findings, which suggest that the performance scales
with \/Aip Fitting our data instead to /pg produces
a noticeable mismatch, with the fit suggesting that
the interruption performance should increase more
slowly with blow pressure than is observed in our mea-
surements. This disagreement lies well outside of our
estimated uncertainty interval, however we note that
several factors influencing the uncertainty have not
been fully accounted for with the present approach,
and will be discussed in the following section.

3.3. Discussion

Without further knowledge of the interruption prob-
ability distribution, the use of a normal distribution
may be questioned. This assumption cannot be con-
clusively tested based on the limited number of ex-
periments performed, however all results show good
symmetry about p = 0.5, and the fits agree well with
the estimated empirical ICDF. If the assumed distribu-
tion is incorrect, the calculated interruption limit may
be affected, depending on the asymmetry of the real
distribution about p. Any influence resulting from
such deviation should manifest as a systematic shift
that similarly influences all results, such that relative
comparisons between gases and other experimental
parameters may still be made. Upcoming work will
test this assumption by performing a large number
of trials with the same experimental configuration,
thereby allowing for both the long-term consistency of
the results and the underlying probability distribution
to be better characterized, affording higher confidence
to the stated uncertainties.

Another influence which could not be completely
controlled for throughout the pressure scaling com-
parison is the erosion of the PMMA nozzle. Tests
were performed at reduced peak current, limiting ero-
sion such that the pressure buildup at one experiment
setting of ~40 shots remained within the reported
£100 mbar uncertainty interval. It was thus inferred
that erosion in the throat region of the nozzle was
minimal, as previous measurements showed a decay
in blow pressure at higher currents with more sig-
nificant erosion. The same nozzle was then used to
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Figure 4. Pressure scaling of thermal interruption
limit, and accompanying / Ap fits.

perform tests at the different pressure settings. Af-
ter the measurement series of ~120 shots concluded,
minor erosion of the throat and converging region
of the nozzle was noted, suggesting that the average
flow conditions experienced by the arc may have var-
ied slightly between experimental settings. Looking
ahead to measurements in other SFg alternative gas
mixtures, comparisons will always be performed with a
new, un-arced nozzle, and so should share comparable
flow conditions over each measurement series.

In addition to these factors, our results show un-
characteristically late reignition times of up to 10 ps
after CZ [4]. Analysis of voltage collapse waveforms,
presented in [1], suggests the possibility of a different
failure mechanism for the later reignitions, perhaps
resulting from "hot dielectric" processes, as opposed to
the classical understanding of thermal failures driven
by runaway post-arc current heating. This finding
raises the possibility that the present results under-
estimate the true thermal limit in COs, particularly
for SLF switching duties where the first line peak
occurs only a few ps after CZ. The alternative failure
mechanism may also explain the observed differences
in pressure scaling behavior.

4. Conclusions

A method has been demonstrated for determining the
thermal interruption limit in a puffer circuit-breaker
experiment by estimating the underlying probability
distribution. The method was applied to interruption
measurements in COs, and compared with a simpler
approach based on the overlapping quantiles of in-
terruption successes and failures. The two methods
were shown to produce similar results, demonstrat-
ing that the interruption limit scales according to
3.1% across the four blow pressures investigated.
The probabilistic method allows for better estimation
of the likelihood of a successful interruption at an ar-
bitrary dI/dt setting, and of the certainty with which
the interruption limit may be determined based on
the measurements. The suitability of this method is

limited to experimental configurations where all test
conditions are able to be reproduced to a high degree
of precision, however it has been shown that in such
conditions and with a sufficient number of trials, the
interruption limit may be determined with a degree of
certainty much higher than suggested by the width of
the scatter. Such precision may prove invaluable when
assessing the influence of minor changes to experimen-
tal parameters including gas mixture composition, arc
length, and nozzle design.
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