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Abstract. Synthetic testing has been extensively utilized to study the thermal interruption performance
of COz-based gas mixtures under the influence of varying physical factors in an experimental HV
circuit breaker. To limit contact and nozzle ablation for collecting a statistically meaningful dataset,
the lowest possible peak current amplitudes were chosen for the high-current and the injection current
phases. The present work focuses on evaluating the sensitivity of the test-circuit parameters on the
interruption performance in CO2 /O3 (90% /10%) gas mixture.
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1. Introduction

Synthetic testing—originally developed as an alter-
native to direct testing—has become a preferred and
cost-effective approach for performing type tests on
HV/UHV circuit breakers (CB). This method enables
the independent generation of high short-circuit cur-
rents and steep recovery voltages (post-current zero),
significantly reducing the power required during test-
ing. Synthetic test circuits can closely replicate various
grid-fault test duties, such as the L90 and T100 duties
specified in international standards [1, 2].

To investigate the current interruption capability
in CBs, synthetic test circuits have been extensively
employed for research purposes over several decades
[3-5]. However, subjecting the experimental CB to
high short-circuit currents introduces undesired aging
during the course of testing. To address this issue,
a current with reduced amplitude was opted at grid
frequency in the high-current phase as it was demon-
strated that it resulted in the same thermal recovery
speed as the experiments with short-circuit currents,
consequently, have similar current-zero (CZ) condi-
tions [6].

Leveraging this result, an in-house synthetic circuit
is used to obtain statistically 'large’ dataset to study
the thermal current interruption performance in an
experimental puffer-type CB using COs-based gas
mixtures under varying controlled physical conditions
like contact gap distance, blow pressure and gas flow
field at the instant of CZ [7-12].

A Weil-Dobke inspired synthetic test circuit gener-
ates three distinct stresses at different instants: the
high current phase, the injection current phase imme-
diately before CZ, and the transient recovery voltage
phase post CZ. The particular stress of the LI0 test
duty comes from the immediate occurrence of a rate-of-
rise of recovery voltage without any time delay, which
leads to the so-called thermal interruption challenge.

In this work, the influence of the variation in the
severity of these 3 stresses are studied in a CO3 /02
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(90% /10%) and gist of the experiments are discussed
as follows:

 High-current (HC) phase: The 50 Hz fault current
with reduced amplitude flows while the contacts
separate, generating a ’stabilized’ arc lasting 10 ms.
Maintaining the current amplitude close to 2kA
minimizes nozzle ablation and back-heating, thereby
keeping the blow pressure fairly constant across
consecutive tests. By increasing the amplitude from
2kA to 5kA, the sensitivity of this phase on the
interruption performance is evaluated.

Injection current (IC) phase: To control the di/d¢
slope, a current pulse is injected near the zero-
crossing of the high current (HC). In this work,
the IC is increased from the 2-3kA range to the
3-4kA range, while keeping the same di/dt values,
cf. Fig. 1. The moderate and high HC closely follow
the short-circuit current at 50Hz for 100 ps and
170 ps respectively with 5% deviation.

« Transient recovery voltage (TRV) phase: Imme-
diately after CZ, a steeply rising voltage appears
whose rate-of-rise (RRRV)=Z; - di/dt at CZ. Here,
the peak of TRV is increased from 30kV to 36 kV
while keeping the du/d¢ the same to study its influ-
ence on the thermal interruption and "hot-dielectric
reignitions’ which occur in the thermal phase and
exhibit the features of an electric breakdown [10],
cf. Fig. 2.

2. Methodology

2.1. Experiment Setup

The device under test is an experimental puffer cir-
cuit breaker, tailor-made to achieve controllable and
reproducible physical conditions during current inter-
ruption tests. The breaker is typically configured to
generate a blow pressure of (10.8 + 0.2) bar, directed
into the nozzle inlet and blowing onto the arcing chan-
nel. The contact gap is set to (43 + 1) mm and the
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Figure 1. Plot of moderate (Q0) and high injection
current (Q1), following the corresponding full short-
circuit current at 50 Hz for the last 100pus and 170 ps
respectively before CZ.
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Figure 2. Plot of moderate (Q0) and high transient
recovery voltage (Q2) with the similar du/dt post CZ
for 4 us and TRV delay <100ns.

nozzle outlet venting into a vessel maintained at 5 bar
(absolute). This blow pressure is sufficient to induce
sonic flow at the nozzle throat which is cardinal for
arc extinction.

The synthetic circuit (Fig. 3) generates current and
voltage stresses similar to SLF L90 fault duty inside
the CZ time window, spanning ~150 us before CZ to
4 s after. It incorporates a high-current circuit (HCC)
implemented as an LC circuit with a switching ele-
ment to produce the current at grid frequency during
contact opening. In the high-current circuit (HCC),
the peak current amplitude is generally maintained
at 2kA to avoid back-heating and minimize nozzle
ablation, but has been varied in this study. In paral-
lel, a current injection circuit (CIC) is responsible for
generating key CZ quantities - current slope (%) and
rate-of-rise of recovery voltage, RRRV (‘31—1;). The char-
acteristic surge impedance of the circuit, defined as

the ratio ‘é—’: %, is 4502 for the L90 fault duty. CIC
operates in a regime where the peak current reaches
~2.5kA at the expected % limit with an operating
frequency of 250 Hz-1000 Hz.

Detailed description of the experiment setup and
corresponding test series can be found in works [10—
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Figure 3. Synthetic circuit topology with high current
circuit (HCC) and current injection circuit (CIC) on
the left and right of the experimental circuit breaker
(blue) respectively
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2.2. Injection Circuit Design

The CIC consists of two main branches: a) LC reso-
nant branch, L. and Cj. and b) TRV-shaping branch,
Ry and Ciyy. The capacitor bank, Cj. is charged
to U, <35kV. The LC branch generates a sinusoidal
current pulse given the desired peak amplitude and
initial slope.

At the first zero crossing of the injection current
and if the CB interrupted the current, the capacitor
in the TRV-shaping branch, C},, begins to take up
charge from Cj. through L;i. and Ry, resulting in an
under-damped voltage waveform that serves as the
transient recovery voltage (TRV). The peak TRV value
is strongly influenced by the initial charging voltage
of Ci., while the rate-of-rise of recovery voltage du/d¢
is primarily affected by the value of Ry, [14]. The
du/dt is calculated as the discrete gradient between
the voltage 4 us after CZ and zero-crossing of voltage.

In this work, the experiments are conducted with
Zs =112, which would correspond to a quarter-pole
test. Table 1 lists the key parameters along with
the CIC component values. The first set of columns
identifies the objective of each experiment and its label
Q<n>. The second column group lists the desired
input conditions and constraints, with U, serving as
the primary control variable. The last column set
presents the corresponding feasible CIC component
configurations that meet the design targets.

Additionally, experiments FO and F1 were con-
ducted under full-pole configuration and were done
to evaluate the influence of high-current amplitude,
while keeping ipeax of the CIC close to 2.5kA. The
variation in HC amplitude was easily implemented by
adjusting the charging voltage of C},. and the trigger
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time of SWy,, without requiring any modifications to
the circuit.

2.3. Experiment Approach and Performance
Indicators

The interruption performance is quantified using pa-
rameters within the CZ window with the most im-
portant one being the di/dt corresponding to 50%
interruption probability referred to as ’interruption
limit>. Due to the occurrence of hot-dielectric reig-
nitions, there are 2 categories of interruption limits:
the thermal interruption limit, which considers only
thermal failures, and overall interruption limit that
accounts for overall interruption outcomes irrespective
of the reignition mechanism. In order to estimate the
interruption limit, a minimum of 5 interruption tests
were performed at each di/dt (a controllable param-
eter) within a range to cover 0 to 100% of success
rate. A Gaussian cumulative distribution function
(CDF) was then fitted to the updated success rates
and the mean of this fitted distribution represents the
interruption limit.

The measured quantities from the interruption tests
hold information about the interruption performance,
referred to as performance indicators. The ones that
are discussed in this work are G200 and G500, the
arc conductance 200 ns and 500 ns before CZ, respec-
tively, and extinction peak voltage (Upeak) defined
as the maximum arc voltage reached shortly before
CZ. Logistic regression is used to determine the mean
threshold of these indicators which are called critical
limits. Moreover, a modified Pearson’s correlation
coefficient is used to evaluate the association of all the
indicators with the interruption outcome.

3. Results and Discussions

A comprehensive summary of all experiments is pre-
sented in Table 2, discussing the key performance
indicator limits like G200, G500, dG/dt and Upeax
along with their respective correlation coefficients 7.
Except for the interruption limits, the limits of the re-
maining quantities are derived based on their thermal
performance, i.e., distinguishing thermal failures from
other outcomes. It is observed that arc conductance
and voltage levels before CZ are similar for successes
and hot-dielectric failures. This indicates that these
outcomes are predominantly governed by the post-CZ
TRV stress. Consequently, analyzing the overall in-
terruption performance yields weak correlation and
limited insight. The following subsections provide a
detailed comparison of various experiments.

3.1. Influence of high current peak

The sensitivity check of the 'high current’ phase was
conducted as part of a full-pole experiment campaign,
i.e., Zs =450Q. In this campaign, FO and F1 were
tested at HC amplitudes of 1.9 kA (general set value)
and 5.4 kA while keeping the CIC ipeak close to 2.5 kA.
It is worth noting that the sample size of F1 was
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Figure 4. Comparison between thermal interruption
limits at moderate (F0) and high HC (F1) experiments
with data points (circles) and number of tests (bar
chart). Limit values are similar with overlapping 2-c
intervals.

significantly smaller than that of FO due to rapid
nozzle ablation.

Similar overall interruption limits resulted from F0
and F1 whereas the thermal interruption limits (as
shown in Fig 4) showed slight variation with overlap-
ping 2-o intervals; consistent with higher arc conduc-
tance limits in F1. However, the weak correlation
between arc conductance-related indicators and ther-
mal interruption outcomes reduced the confidence in
this limit as a precise indicator in case of F1. Extinc-
tion peak voltage limit values remained identical.

At full-pole configuration, HC amplitudes equiva-
lent to (1/10)** and (1/4)'" of the full short-circuit
current- 100% of the 50 Hz short-circuit current cor-
responding to 6.4 A/ps (lowest tested di/dt)- in FO
and F1, respectively, were applied. It can be inferred
that the high-current (HC) amplitude — which peaks
~6 ms before CZ — has no significant influence on the
CZ conditions. This observation is in accordance with
the extrapolated experimental findings of [6], who in-
vestigated the effect of HC amplitude in interruption
tests in SFg. Their measurements at various current
levels, ranging from 25% to 100% of the full short-
circuit current (11kA to 51kA peak), showed the
same thermal recovery speed, hence, CZ conditions.
Leveraging the finding that the pressure build-up in
our experimental CB is independent of HC phase
(no back-heating), tests were performed at low HC
amplitudes to minimize nozzle wear. Interruption
performance at HC amplitudes > 5kA has not been
tested.

3.2. Influence of injection current peak

An injection current 20% higher than the moderate set-
ting of 2.6 kA was applied, maintaining the same cur-
rent profile over the last 130 s at a di/d¢ of 16 A/ns
(linear at least over the last 4ps before CZ). The
applied TRV waveforms were identical for both exper-



vol. 12 no. 3/2025

Sensitivity of Test Circuit Parameters on Thermal Interruption

HC quantities CIC quantities CIC output components

Aim Name | ipe™ T [0 ™ G W)™ % [Lic Cie Ruw Cuww 5

kA ms kV kA A/us kV kV/us mH pF Q nF ps
Moderate IC, TRV QO 1.9 12.5 25 2.6 15.7 30 1.7 | 1.4 16.8 110 100 240
High IC Q1 1.9 12.5 25 34 156 30 1.7 | 14 30 115 100 330
High TRV Q2 1.9 12.5 30 26 158 36 1.7 | 1.7 132 110 100 240
Moderate HC FO 1.9 12.5 30 24 9.5 34 4.2 |28 214 4305 9.8 770
High HC F1 5.4 10.5 28 2.3 8.9 33 4.0 | 28 214 4305 9.8 770

Table 1. Current injection circuit components for various quarter-pole tests (Z;=1122 in COz /Oy mizture)

Zs, Name N Interruption Limit G200 G500 dG/dt  Upeak
Q overall A /us thermal A /ps mS mS  mS/ps A%
value o, o  value o, o 7] [7] 7 [7]
112 Q0 54 16.29 0.16 1.3 16.69 0.18 1.3 3.8 7.7 124 717
[-0.804] [-0.831]  [-0.785]  [0.638]
112 Q1 55 15.06 0.20 1.4 1531 0.16 1.2 4.6 8.7 13.5 677
[0.617] [-0.671]  [-0.669]  [0.499]
112 Q2 40 1564 0.16 1.0 16.11 0.16 1.1 3.9 7.5 12.1 754
[-0.704]  [-0.705]  [-0.626]  [0.480]
450 FO 90 823 031 1.0 944 017 08 0.24 0.55 1.01 1062
[0.67]  [-0.71] [-0.73] [0.65]
450 F1 31 817 0.12 0.7 9.0 0.08 0.4 0.6 1.5 3.3 1090
[-0.484] [-0.534]  [-0.500]  [0.571]

Table 2. Comparison of limit values of interruption performance indicators at various stresses in full-pole and
quarter-pole configurations.
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Figure 5. Comparison between thermal interruption
limits at moderate (Q0) and high IC' (Q1) experiments
with data points (circles) and number of tests (bar
chart). A clear reduction in the Q1 limit can be ob-
served, pertaining to accumulated heat before CZ

iments at a given RRRV. ~50 shots were performed
for each condition.

In the higher injection current experiment (Q1),
a thermal interruption limit of (15.31 +0.16) A/ps
was observed, representing an 8% decrease compared
to the moderate quarter-pole test (Q0) as shown in
Fig 5. A larger proportion of failures in Q1 were
identified as thermal reignitions at the same di/d¢

Conductance (mS)

0
-1.0 -08 -06 -04 =02 0.0 0.2 0.4
Time (ps)

Figure 6. Arc conductance decay plots in experiments
at moderate, Q0 (top) and high IC, Q1 (bottom), high-
lighting larger G200 values (astericks) in Q1
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setting whereas QO exhibited more significant hot-
dielectric failures under similar conditions. This shift
in failure mechanism led to a reduction in the thermal
interruption limit. As a result, the overall interruption
limit and the thermal limit in Q1 became closely
aligned.

Fig 6 presents the arc conductance plots during the
final 1 ps before CZ. In case of Q1, both higher conduc-
tances and faster decay rates can be observed along
with smaller scatter among individual curves, how-
ever, QO exhibits clearer separation between thermal
successes and failures. The resulting arc conductance
limits in Q1 were marginally higher than QO0, with
G200 and G500 limit values for former being 4.6 m S
and 8.7m S while the extinction peak voltage limits re-
mained comparable at 717V in Q0 with a 5% decrease
in Q1.

Weaker thermal interruption performance is ob-
served in Q1, implying possible differences in the
CZ conditions in terms of heat exchange. In the
synthetic testing guide by Hochrainer, it is recom-
mended to maintain the injection current same as the
short-circuit current for at least the last 100 us [15].
However, this standardized time window might have
been employed considering SFg-the primary switching
medium, which largely differs from CO; in terms of
thermodynamic properties. SFg possess lower values
of pC, at temperatures above 4000 K (onset of con-
duction) which aids in losing energy quickly before CZ
[16, 17], thus, requiring less time for voltage to adapt
to current decay (smaller arc time constants). This
might not be true for CO; based on the conclusions
of this work. A potential reason could be that CO2
exhibit a peak in pC), at 7000 K obstructing the heat
loss through radial conduction- the dominant cooling
mechanism at low currents < 100 A. So, if IC decays
from a higher level, this energy (to be dissipated at
CZ) is higher for Q1 as compared to Q0. This might
suggest that the IC should follow the short-circuit cur-
rent for a longer duration before CZ in order to closely
mimic the CZ conditions in COs-based mixtures. A
similar 100 ps time window requirement was inferred
from Slepian’s theoretical work which proposed an
arc constriction time constant of ~50us. This theory
was later validated experimentally by Frind et al in
air who demonstrated that a 30 ps window of correct
di/dt is sufficient, allowing up to 10% of deviation
from linearity [3]. It is to be noted that this test
was performed at a blow pressure of ~30 bar whereas
10.8 bar is maintained in our experiment setup. Al-
though it is adequate to induce sonic conditions at
the nozzle throat, it possibly leads to inadequate axial
convective cooling.

Another important parameter is the nozzle material
which, in case of typically-used PTFE, release fluorine
compounds and/or species which help in recovering
the electric strength when ablated at high currents.
The use of PMMA nozzle in this work nonetheless
rules out this mild aid in arc cooling; might leading
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to deterioration in thermal recovery.

3.3. Influence of TRV peak
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Figure 7. Comparison between thermal interruption
limits at moderate (Q0) and high TRV (Q2) experi-
ments with data points (circles) and number of tests
(bar chart). No change in the limits for the tested
TRV peak range.

The quarter-pole test series Q2 was conducted un-
der a higher TRV peak of 36 kV at di/dt of ~16 A /us
as shown in Fig 2, representing a 17% increase com-
pared to Q0. The thermal and overall interruption
limits were found to be 16.11 A/ps and 15.64 A /ps, re-
spectively, with a standard deviation of 1-2%. These
values fall within the uncertainty intervals of the cor-
responding limits in QO indicated in Fig 7.

Similar conductance-related limits were observed,
with G200 and G500 values of 3.9mS and 7.5mS,
respectively. However, the extinction peak voltage
limit was approximately 5% higher than that recorded
in QO.

Q2 introduces significant changes in the TRV wave-
form 10 - 15 ps after current zero, as shown in Fig 2.
This test was conducted to investigate the influence
of this time window on interruption outcomes, par-
ticularly in cases of successful interruption and hot-
dielectric failure. The thermal interruption perfor-
mance — characterized by the thermal limit and ther-
mal arc conductance limits — remains practically
unchanged between Q0 and Q2. This suggests that
the variations in TRV peak do not affect thermal
failure mechanisms.

4. Conclusions

Thermal interruption tests are performed in blown arcs
of CO2 /04 (90% / 10%) gas mixture in a puffer-type
circuit breaker using a synthetic circuit. The aim is to
understand the influence of synthetic circuit stresses
in 3 distinct phases on the interruption performance,
whose conclusions are listed as follows:

e High-current phase: An increase of HC peak from
2kA to 5 kA was implemented to study the influence
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of current levels 5ms before CZ, i.e. significantly
prior to CZ. The results indicated no effect on the
thermal interruption performance.

Injection current phase: The aim was to investi-
gate the effect of the synthetic test current >100 ps
before CZ. This was achieved by increasing the
peak injection current from 2.6 kA to 3.4 kA while
maintaining the same current decay profile as short-
circuit current in the last 100 1s and 170 s respec-
tively. A deterioration in thermal interruption per-
formance was observed at the higher current level,
as indicated by lower di/d¢ limits and G200 val-
ues. This indicates that the accumulated heat in
the arcing region continues to be present beyond
CZ, suggesting that the IC should follow the short-
circuit current for a longer duration before CZ in
order to closely mimic the CZ conditions in COq-
based mixtures. This recommendation holds valid
for convection-stabilized arcs near CZ with minimal
effect of back-heating- a condition that potentially
differs from the standardized synthetic tests on HV
breakers, where the HC amplitude is at least an
order of magnitude higher than in this work.

e Transient recovery phase: Furthermore, experi-
ments were conducted to study the influence of
voltage 10-15ps after CZ. The TRV peak was in-
creased from 30kV to 36 kV keeping the du/dt same
after CZ. For the tested TRV and RRRV range, the
thermal recovery showcased no effect of TRV peak.

Next steps involve conducting experiments at CIC
current levels below the 2.5 kA range, to probe the hy-
pothesis that thermal interruption performance would
improve due to lower current levels prior to the 100 ps
window before CZ.
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