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FREE BURNING ARC BLACK-BOX MODELING IN CO2/O2

T. Gfrörer∗, C. M. Franck

High Voltage Laboratory, ETH Zurich, Physikstrasse 3, 8092 Zurich, Switzerland
∗ gfroerer@eeh.ee.ethz.ch

Abstract. Black-box arc parameters were fitted from free-burning arc experiments in a 3 bar abs.
CO2/O2 (90%/10%) mixture for the first time. Best fits were achieved with a novel Cassie-based model
for low-current arcs. Averaged arc time parameters were τ ≈ 170 µs at low currents (20–50 A) and
τ ≈ 33 µs at high currents (1–3 kA), respectively. A decrease of τ could be observed for elongated arcs.
Explanations based on thermodynamic arc properties are consistent with measured variations of τ .
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1. Introduction
SF6 is widely used in high-voltage equipment as an
insulation and arc-quenching medium, but has a high
global warming potential and needs to be replaced
by more climate-friendly alternatives [1]. CO2-based
gases were first used in high voltage circuit breakers
(HVCB) by Uchii et al. [2] to replace SF6.

Black-box modeling is used in HVCB short-line
fault (SLF) testing to predict limiting values for di/dt
and to describe the influence of external circuitry on
limiting di/dt [3]. Some papers have experimentally
determined and published parameters for black-box
models in CO2, and specified arc time parameters
varying from 0.3–3.3 µs under various blown [4–8], and
from 13–76 µs in unblown cage-stabilized conditions
at 3 bar abs. and between 1–6 A [9]. However, no
experiment has provided both parameter validation—
the comparison between predicted and measured arc
voltage—and specified all factors influencing arc pa-
rameters, including blow pressure. More experiments
should be performed specifying all relevant conditions
and proving the validity of fitted arc parameters.

This paper investigates black-box arc parameters
in a CO2/O2 mixture in a free-burning arc experi-
ment as in Pietrzak et al. [10], with conditions similar
to disconnector switching operations. These experi-
ments serve as a preparation for experiments under
blown-arc conditions. A flexible pulsed current source
(FPCS) [11] was used to perform the experiments,
enabling the extraction of more than 800 arc param-
eter estimates independently with only few arcing
experiments. The method for parameter extraction
was adapted from Walter and Franck [12]. Black-
box models used were based on the Cassie [13] and
Mayr [14] models, and the Mayr-Schwarz [15] model
with a power function for cooling power. Some models
were extended with a separate electrode enhancement
voltage [16, 17] as in Christen and Ranjan [18]. Fitted
arc time parameters are discussed with arc tempera-
ture measurements [17, 19, 20] and thermodynamic
gas properties [21–23].

2. Methods
2.1. Experiment
To be able to observe transient arc behavior, the
change of arc current has to be large enough for the
arc voltage to deviate from the steady-state voltage.
Arc voltage response is shown for different di/dt in Fig-
ure 1. To generate such rapidly changing currents, the
FPCS is used, consisting of 1 to 8 modules of parallel-
connected buck-type converters, shown in Figure 2.
Experiments in CO2/O2 (90%/10%) are performed in
the free-burning arc setup, shown in Figure 3. In Ta-
ble 1, details on additional measurement instruments
are given. The chronology of current through the arc
and opening of the pins is described in Figure 4.
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Figure 1. Dynamic voltage response simulated with the
ElCassie model from Table 2 (UC = 100 V, τ = 100 µs).
The 1 A/µs pulse yields a transient voltage response
significantly higher than the steady-state arc voltage.

2.2. Black-box Models
We use models based on the Mayr-Schwarz arc
model [15], but with a constant arc time parameter
τ , see (1). i is measured current, g model predicted
conductance.

dg

dt
= 1

τ

(
i2

P (g) − g

)
(1)
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Figure 2. Adapted from [11]: The FPCS can in-
crease the current through the device under test (DUT)
rapidly by closing Sw1 and Sw2. Current freewheels
through the diode when Sw1 is open, yielding a slowly
decaying current at low load voltages. Output current
hysteresis control is applied.
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Figure 3. Free-burning arc experiments are performed
by first initiating a current, followed by an opening of
the arcing contacts (a) initiated by pneumatic cylinders
(b). Arc voltage is measured by a 1:1000 Tektronix
P6015A voltage probe (c), current by a PEM CWT30
Rogowski coil (d). All experiments are recorded with a
high-speed camera (not shown here).

The cooling power P (g) defines the steady state
behavior of the arc. We use P (g) = A · gb, where A
is freely chosen during fitting. b is either a fixed or
a free parameter. Together, A, b and τ make up the
arc parameters.

We extend some arc models by an electrode en-
hancement voltage uel, measured by Engelbrecht et
al. [17] in the same experimental setup as here and
under similar conditions. This yields the predicted
voltage upred from (2).

upred = uel + i/g (2)

Having a separate model for the electrode enhance-
ment voltage is beneficial since in our experiment, it

0

50

C
ur

re
nt

(A
)

0

50

D
ist

an
ce

(m
m

)

0 25 50 75 100
Time (ms)

0

200

Vo
lta

ge
(V

)

Figure 4. Arc #290: First, the FPCS initiates a low
current (10 ms) while the pins are still closed. Then,
pins are opened and an arc forms. As soon as the pins
are fully opened (50 ms), the current is varied to probe
arc parameters at different current levels. A single
current peak is shown in Fig. 5.

Type Sensor Range
Pressure Wika S-20 2.99 to 3.01 bar
Temperature Wika TF-35 20 to 22 °C
Humidity Wika GDHT-20 −38 to −33 °C
Distance Festo 1531266 44.0 to 47.7 mm

Table 1. Measurements of temperature and pressure
performed just before (≪ 1 s) current initiation. Hu-
midity (dew point) measurements were performed at
5 bar abs. before the experiments, and at 1 bar abs.,
after the experiments at 3 bar abs. Pin separation is
given for values 40 ms after current initiation.

makes up a significant portion of the total arc voltage,
and the physical processes describing it are different
than in the rest of the arc, as described in [17].

The different model settings used are shown in Ta-
ble 2. All model names for models with uel = 48 V
are prefixed with an ’El’. The models with b as a free
parameter are called Power models. The model with b
fixed to 1.35 is called ElPowerFixed. The Cassie and
ElCassie models are equivalent to the Power / ElPower
model with b = 1 and predict a constant steady-state
arc voltage. For the Cassie and ElCassie models, the
Cassie voltage UC =

√
A can be defined. Derived

from this, UC +uel is the stationary / steady-state arc
voltage. For other models with b ̸= 1, UC is undefined,
and no steady-state voltage exists, since the steady-
state voltage would vary with current. The Mayr and
ElMayr models are equivalent to the Power / ElPower
model with b = 0 and predict a constant cooling power
P (g) ≡ A.

2.3. Data Evaluation
Voltage umeas and current i time-series data are
acquired with a Lecroy HDO6054 oscilloscope at
100 MS/s and 20 MHz bandwidth-limit, lowpass-
filtered with a pass-band frequency of 1 MHz and
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Name b uel(V )
ElCassie 1 48
ElPowerFixed 1.35 48
Cassie 1 0
ElMayr 0 48
Mayr 0 0
ElPower free 48
Power free 0

Table 2. The ElCassie model is used for all low-current
fits. The ElPowerFixed model is used only for the high-
current arc fits. All the other models are used for fits
with one low-current arc #290 to compare fit quality.

then downsampled. To describe only the arc voltage,
and not the inductive or resistive voltage drop of the
wiring, both voltage drops are compensated by sub-
tracting them from the measurement. Compensating
the inductive voltage drop introduces a lot of noise,
as it requires the calculation of the time-derivative
of measured current, and is therefore only possible
with previously performed low-pass filtering. Since
the current is measured with a CWT30 Rogowski coil,
the droop of the current probe has to be compensated
for.

Parameter fits are performed over a time defined
as the fitting window length twindow, visible in an
example of a fit shown in Fig. 5. Current rise begins
at t = 0.3 · twindow. Only current peaks with t > 50 ms
are used when the pins are fully opened; see Fig. 4.
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Figure 5. First fit of arc #290 with the ElCassie model,
with fitting loss = 2.0 VRMS, UC = 105 V, τ = 202 µs
and g ∈ [0.10 S, 0.18 S]. The arc voltage increases after
rapid rise of current, as conductance takes a long time
τ to increase, and decrease the voltage to the steady-
state voltage UC + uel. Voltage then undershoots this
steady-state voltage due to decreasing current. The
predicted voltage with halved τ = 101 µs but same UC is
shown to prove that a significantly larger τ than 101 µs
is required to adequately describe the arc voltage.

For each current peak individually, the arc parame-
ters are first initialized to values that are reasonably
close to the optimal parameters. This makes it more

likely that the global optimum of parameter estimates
can be found. Usually, the parameters are initialized
to the last parameter fit, but they can also be initial-
ized from other parameter fits, or from a simplified
calculation of the parameters A and b, and trying out
different τ . The initial conductance at the start of
the fitting window is calculated as g0 = i0/(u0 − uel)
from the initial measured current i0 and voltage u0.
The parameters are estimated with nlgreyest from the
MATLAB System Identification Toolbox with the Lev-
enberg–Marquardt algorithm. The algorithm chooses
parameters to minimize the cost function (3).

C = 1
twindow

∫ twindow

0
(upred(t) − umeas(t))2dt (3)

From upred and umeas, the fit percentage can be
calculated. If it is above 0, and nlgreyest terminated
with solution "near a (local) minimum", fit parameters
are accepted. Otherwise, the parameter estimation is
repeated with a different parameter initialization, if
available.

For low current arcs, twindow = 500 µs was used.
twindow should be significantly larger than τ , since
it was observed that estimated τ are biased towards
lower values otherwise. For twindow = 500 µs, τ was
insensitive to small changes in twindow. For the high-
current arcs, it was adequate to reduce twindow to
180 µs.

Arc instabilities cannot be predicted by black-box
models. If they occur rapidly as in Fig. 10, this yields
a high loss :=

√
C. Low-current (20–50 A) peaks

are included with loss ≤ 4 VRMS (838/843 included
from arcs #290–297), and high-current (1–3 kA) peaks
with loss ≤ 10 VRMS (30/31 included from arc #289).
Experimental results in the range of 50–1000 A are
not shown, due to reasons discussed in section 4.3.

Arc parameters are plotted against middle current
imid := (imin + imax)/2 to show the dependency of arc
parameters on arc current. ∀twindow : imin := min

twindow
i

and imax := max
twindow

i.

3. Results
The results of the experiments performed at the lowest
currents are shown in Figure 6. Only one experiment
was performed at the highest current level due to
excessive pin contact ablation. The result is shown
in Fig. 7. The results of the low-current experiments
show negative linear correlations between UC and τ ,
as well as between imid and UC, but not between imid
and τ , see Tab. 3. To give an idea of how good the
fits are, see Fig. 5, where the current and voltage
measurement, and the predicted voltage, are shown.

4. Discussions
Averaged τ at high currents (1–3 kA) in CO2/O2 are
a factor of 5 lower than at low currents (20–50 A).
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Figure 6. Arc parameters and fitting loss of low-current
arcs plotted against middle current imid. Averaged
values are ŪC = 108 V, τ̄ = 170 µs, Loss = 2.0 VRMS
and FitPercent = 88%.
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Figure 7. Parameter fits for highest-current experi-
ments. Below 2.1 kA, strong arc instability occurred,
visible in large fluctuations in parameter A. τ is
much shorter than for the low-current experiments,
with an average of τ̄ = 33 µs, Loss = 5.0 VRMS and
FitPercent = 71%.

Within these current regimes, τ does not correlate
significantly with current; see Tab. 3. However, a neg-
ative correlation between τ and UC can be observed
for the low-current arcs. Wherever τ for arc #290
is higher in Fig. 6 than for arcs #291ff, UC is lower.
The reason for the observed negative correlation is
unknown. An increased UC at the same current di-
rectly corresponds to an increased steady-state arc
voltage, which in turn is caused in free-burning arcs
most likely through arc excursions, i.e. arc elongation.
This phenomenon can be directly observed in Fig. 10

(i, j) ri,j pi,j Slope
(imid, UC) −0.45 < 10−42 −0.63 V/A
(imid, τ) 0.03 0.39 N/A
(UC, τ) −0.50 < 10−53 −1.26 µs/V

Table 3. Pearson correlation coefficient ri,j, p-value
pi,j and slope of linear regression calculated for the
low current arc parameter fits.

in a more violent arc voltage collapse.

4.1. Physical Interpretation
4.1.1. Higher Arc Time Parameter at Low Currents
One factor influencing τ is the product of specific heat
and density of the arc ρCp. Other factors like ther-
mal conduction, convection and radiative losses could
additionally affect τ , but were not investigated in this
contribution. Assuming a positive correlation, i.e. a
higher ρCp yields a higher τ , it could be hypothesized
that an increase of ρCp at lower currents compared to
higher current could be responsible for the increase of
τ at low currents. In an experiment under conditions
similar to those in this paper (CO2/O2/C5F10O with
85%/10%/5%, 45 mm contact gap, 1 bar abs. pres-
sure), the arc temperature was measured to be 10 kK
at i > 1 kA (N = 8, σT = 700 K), while for the final
measurement the arc temperature was 8.6 kK at 420 A
[17]. Assuming a similar temperature decrease from
high to low currents in our experiment, this would
yield significantly increased ρCp, as pure CO2 has
a local ρCp maximum at 7.2 kK [21],7.9 kK [22] or
8.0 kK [23], and no significant difference to CO2/O2
(90%/10%) is present [23]. ρCp is much lower at 10 kK
compared to the local maximum mentioned above; see
Fig. 8.
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Figure 8. ρcp of CO2 at 1 bar [21], 6 bar [22] and 8 bar
abs. [23]. The local maximum between 7.2–8 kK may
be responsible for increased τ at low currents.

4.1.2. Comparison to Cage-Stabilized Experiments
Arc parameters fitted by Yoon and Spindle [9] are
the most fair comparison to arc parameters presented
here. While we measured τ down to 20 A with τ̄ =
170 µs, Yoon and Spindle [9] measured only up to
6 A. Assuming that at 6 A, the arc temperature has
decreased below the local ρCp maximum mentioned
in subsection 4.1.1, their measurements of 13–21 µs
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at 1 A and 76 µs at 6 A may still be compatible with
our measurements. This assumption is supported
by arc temperature measurements, placing the arc
temperature of a free-burning CO2 arc at ambient
pressure to 6500–7200 K between 0.4–1.3 A of current
according to Becerra et al. [19], or to 5500 K at 3.5 A
according to Billoux et al. [20].

4.2. Model Choice
Experiments were fitted not just with one model, but
with many, to find the best model. A box plot of τ
and loss function for the fits of low-current arc #290
/ high-current arc #288 is shown in Figure 9. The El-
Cassie model is adequate for stable low-current arcs in
CO2/O2. The additional fitting parameter in ElPower
is unnecessary and may in fact lead to overfitting, as
seen by the standard deviation of estimated b being
σb = 0.31. All other models tested perform worse
than the ElCassie model, indicating that separate
modeling of uel is necessary for arcs with a significant
voltage contribution by the electrodes. The constant
du/di observed in our experiments at low currents,
and the more accurate separate model of the electrode
enhancement voltage make the ElCassie model the
best choice for modeling low-current, free-burning arcs
in CO2/O2. τ is heavily dependent on the choice of
uel, and somewhat dependent on the choice of b, if
this choice is suboptimal.

High-current experiments required a choice of b > 1,
since they showed du/di > 0. Optimal fits were
achieved with b = 1.35, which was chosen as the
median b estimated with the ElPower model. The loss
of the ElPowerFixed model is clearly lower than the
loss of the ElCassie model, see Figure 9.
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Figure 9. Box plot showing τ and fitting loss of low-
current arc #290 / high-current arc #288 using dif-
ferent models. Best fits are made for low currents
with ElPower and ElCassie models, yielding consistent
estimates of τ . All other models, including the power
model with three free parameters, perform worse. For
high currents, fits made with the ElPowerFixed model
(labeled EPF HC) outperform ElCassie model (EC HC)
fits, but estimates of τ are similar for both models.

4.3. Arc Instability
Experiments in CO2/O2 at 3 bar abs. were shown for
20–50 A and 1–3 kA only. Experiments with currents
in between showed much larger arc instability. Arc
instability results in either a gradual change of arc
length (and therefore arc voltage) or a rapid collapse
of arc voltage, shown in Fig. 10. Whereas arc voltage
collapse yields time-series data that cannot be fitted
solely with black-box models, it is unclear whether
slow arc instabilities could bias arc parameter esti-
mation, wherefore only experiments with fairly stable
arcs were shown. Two experiments at 20–50 A were
also unstable, and were not included in the analysis.
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Figure 10. Experiment performed in SF6 at 3 bar.
At the start of the current increase (a), the arc is
elongated. Over time it becomes brighter and expands
(b). This leads to breakdown between sections of the
arc (c), leading to voltage collapse. The shorted part
of the arc cools and becomes less bright (d).

5. Conclusions
We performed free-burning arc experiments in a 3 bar
abs. CO2/O2 (90%/10%) mixture at low (20–50 A)
and high (1–3 kA) currents. The FPCS was used to
generate many current peaks in short succession, en-
abling the extraction of > 800 independently fitted
arc parameters. A novel 2-parameter black-box model,
based on the Cassie model but extended with a sep-
arate electrode enhancement voltage uel was able to
best predict the arc voltage from the arc current at
20–50 A. Using 3-parameter black-box models did not
improve the predicted voltage accuracy. Mayr, Cassie
and Power models performed significantly worse than
the novel ElCassie model.

Averaged arc time parameter τ was a factor of 5
higher at 20–50 A compared to 1–3 kA. An explana-
tion based on the product of specific heat and density
ρCP was suggested. A negative correlation between
Cassie voltage UC and τ was observed in low current
arcs. The cause of this is yet unknown.

Future research will also evaluate arc parameters
for arcs with more instabilities, at different pressures
and in different gas mixtures, as well as under blown
conditions. Furthermore, a calculation method for cal-
culating the uncertainty of the estimated parameters
must be established.
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