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Abstract

The efficient simulation of the current interruption
phase in high-voltage circuit breakers is routinely per-
formed based on integral models for the gas dynamics
and the arc physics. We present a Modelica framework
for such a model. Based on Modelica.Media, a ther-
modynamic library for the required temperature and
pressure range has been developed. Making use of the
latest Modelica.Fluid library and the new streams
concept, a library for the gas dynamics and the arc
physics in such systems has been implemented.
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1 Introduction

A high-voltage circuit breaker is a protection device in
electrical power systems. It is able to switch between
a conducting and an insulating state in the time frame
of tens of milliseconds without losing its functionality.
As a conductor the circuit breaker carries currents of
several kA with minimal electrical losses. When an
electrical fault occurs, the breaker can interrupt short-
circuit currents of around 100kA, resulting in an en-
ergy input from a burning arc of around 1MIJ. A cir-
cuit breaker has a lifetime exceeding 30 years and is
operational between ambient temperatures of —50°C
and +40°C, depending on its rating.

In the breaker chamber of the circuit breaker
(see Fig. 1), the current is interrupted by separating
two electrical contacts. During this phase, a high-
temperature plasma arc is formed. The dissipated en-
ergy is radiated from the arc to the surrounding nozzles
and leads to the ablation of material from the nozzle

Figure 1: Breaker chamber inside of a high-voltage
AC circuit breaker. The arc between the electrical con-
tacts is formed in the central part.

walls. This creates a flow of hot gas into an expan-
sion volume with a typical size of some liters. When
the pressure in this volume becomes high enough, the
flow reverses. The gas flowing back extinguishes the
hot plasma at the next zero crossing of the AC current,
thus preventing a possible arc re-ignition. This is the
so-called self-blast principle where the arc energy is
used to extinguish the arc itself instead of achieving
the same “blowing” effect by mechanical compression
only.

The tuning of this process for optimal current-
interruption capabilities is one of the main goals in
circuit breaker design. In order to model this process,
one needs to combine a broad range of fields such as
plasma physics, thermodynamics, fluid dynamics and
mechanics. In this context, simulation methods are
routinely employed. Since more exact computational-
fluid-dynamics methods typically require very long
calculation times, integral models based on mass and
energy conservation laws are still routinely used in the
development process. The core of these models is the
description of the arc in the high-current phase [1], i.e.,
the conversion of the electrical energy input in mass



and thermal energy.

There are no public simulation tools for circuit
breaker design available. Thus, the alternatives are
either to adapt a commercial tool or to create an in-
house tool from scratch. Previously, ABB has used
such an in-house tool written in C. Although it is based
on a well-structured, object-oriented design, incorpo-
rating changes requires a very detailed understanding
of the C code, in particular in the model for the plasma
arc, which forms the the most important and complex
part. Moving the focus from software to model devel-
opment, thereby enabling a faster development cycle,
the idea was thus to replace the present tool by an im-
plementation based on the Modelica language.

2 Modelica libraries

With  the standard Modelica.Media  and
Modelica.Fluid [2, 3] libraries, Modelica pro-
vides a solid base for the implementation of integral
fluid-dynamics models.

Here, we present a library framework which, on
top of these libraries, implements the necessary com-
ponents for the description of a high-voltage circuit-
breaker. The goal is to focus on two aspects which
are of general interest: (i) A regularization procedure
for flow reversals. (ii) The switching between different
states within the arc model, which is necessary due to
dynamical changes in the flow topology.

2.1 Thermodynamic data at high tempera-
tures and pressures

The electrical arc which is formed after opening the
contacts is a high-temperature plasma consisting of a
mixture of SF¢ used as insulation-gas and vaporized
PTFE (Teflon) ablated from the nozzle walls. Both
thermodynamic and transport data for this mixture are
needed for a temperature range of up to several tens
of thousands of Kelvins and pressures of up to sev-
eral tens of bars. Except for temperatures below about
1200K, the insulation medium is not a single-species
gas consisting of neutral SFg molecules. Instead, it is
composed of various ionization and dissociation prod-
ucts of SF¢ and additionally electrons. The composi-
tion of this mixture is strongly dependent on temper-
ature. The same holds true for PTFE and other insu-
lation gases. A rigorous treatment as a many-particle
mixture in the spirit of the Modelica.Media library
is cumbersome in many respects. A more efficient
way to handle the complicated mixture is to treat both

SFe and PTFE as “effective” gases, i.e., formally as
one-particle gases and their mixture as a two-particle
mixture. This becomes possible if the thermodynamic
and transport properties are known as a function of
the state variables pressure p and temperature 7" or
equivalent quantities. The functional dependence re-
flects the complicated composition at higher tempera-
tures which is the consequence of a large number of
different scattering processes. This precludes an ap-
proach as used in the Modelica.Media library, where
the thermodynamic quantities like density, enthalpy,
etc. are expressed as polynomials in the state variables
pressure, temperature and composition [4]. Instead
our implementation interpolates these quantities from
tabulated data. As an example we depict in Fig. 2 the
specific heat of SF¢ and PTFE as a function of temper-
ature. The pronounced peaks around 2000-4000K re-
flect the various ionization and dissociation processes.
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Figure 2: Specific heat of SF¢ (blue line) and PTFE
(red line) as a function of temperature for a fixed pres-
sure of 1bar.

The table data are obtained from a separate, sophis-
ticated program. Thermodynamic properties in local
thermodynamic equilibrium are calculated as a func-
tion of pressure and temperature by minimization of
the Gibbs potential [5]. This involves the calculation
of particle densities of all involved species as a func-
tion of p, T and composition as well as their chemi-
cal potentials. The calculation of transport properties,
in particular the electrical and thermal conductivity as
well as the viscosity is based on the Chapman-Enskog
approximation.
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Figure 3: Basic model structure: Arc zone connected
via three flow constrictions to the two exhausts and the
expansion volume.

2.2 Gas dynamics and arc physics

The model for the gas dynamics, i.e., the fluid
mechanics part of the simulation is based on the
Modelica.Fluid library with the new streams con-
cept of the Modelica 3.1 specification [3]. Figure 3
depicts the basic model structure: The arc zone in the
center is connected via three flow constrictions to the
two exhausts and the expansion volume.

The description of the exhausts and the expansion
volume relies on the standard ideal mixing volume
contained in the fluid library. The models for the flow
constrictions and the arc zone will be described in the
following sections as they are not implemented in the
standard library.

2.2.1 Model for flow constrictions

The models contained in the fluid library describe the
flow of a fluid through pipes in the presence of various
friction mechanisms. We, however, are interested in
the flow of gases at high velocities, even up to sonic
speeds. Then, friction effects can be neglected to a
good approximation and the flow is isentropic. The
corresponding physical model will be given below. In
order to achieve a robust treatment of flow-reversal sit-
uations, the dependence of the mass flow on the pres-
sure drop needs to be regularized. We will describe
in detail the approach we have taken, in particular, be-
cause it is of general interest and can be applied to
other flow problems, as well.

For the model of the flow constriction, we assume
a one-dimensional, isentropic flow of a compressible,
polytropic gas [6], for which the mass flow i (up to a

sign) is given by
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otherwise (choked nozzle). Here, pup, cup and %y
denote upstream values of the gas density, speed of
sound and isentropic coefficient, respectively, r =
Pdown/ pup < 1 is the ratio between down- and up-
stream pressures, and A is the minimal cross-section
of the constriction.

For small pressure differences between up- and
downstream, Eq. (1a) behaves asymptotically as
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Here, the prefactor of the square-root singularity de-
pends on upstream properties, and hence undergoes a
discontinuous change in the case of a flow reversal.
When implementing the model (1) in Modelica, this
behavior has to be regularized in order to prevent in-
stabilities of the solver near flow reversals.

The Modelica.Fluid library contains helper func-
tions for such regularizations based on a polynomial
interpolation scheme. Such schemes, however, have
to be carefully adapted in order to guarantee mono-
tonicity of the mass flow as a function of the pres-
sure difference. This leads to quite intricate case dis-
tinctions for the coefficients of the polynomials. We
have instead chosen a regularization scheme that al-
lows one to more easily ensure the monotonicity prop-
erty. To introduce this scheme, we use the notation +
and — for the two ports of the flow constriction and
write the mass flow as a function of the pressure dif-
ference Ap = p4 — p_ in the form

i _ . (Ap)
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for Ap >0

3
for Ap <0, ©)
where s denotes the mass flow (1) with the respec-
tive upstream quantities. In particular, the pressure ra-
tio r is replaced by r = 1 F Ap/p+, where + is the
sign of Ap.



Instead of the exact flow function (3), we now con-
sider a regularization of the form

" _ )+ [k (Ap)]
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for Ap >0
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for Ap <0,
where we only require that the functions ki (Ap) are
(i) monotonic, (ii) vanish at zero, k4 (0) = 0, and (iii)
behave as the identity for large magnitudes of the pres-
sure difference, i.e.,

ki (Ap) ~Ap for |Ap|>6p. &)
Here, the pressure dp is a parameter determining the
size of the regularized region. The behavior for small
Ap is used to regularize the flow. Requiring, for in-
stance, continuous differentiability at Ap = 0, we im-
pose the condition

am {m’—["f (Ap)] & (Ap)} _
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where the prime denotes differentiation with respect
to the argument of the function. Note that this relation
implies that the functions x4 (Ap) vanish sufficiently
fast for Ap — 0 in order to remove the singularity of
the derivative of the mass flow.

As can be readily verified, all requirements stated in
the previous paragraph are fulfilled by the choice

|Ap|Ap
K+ (Ap) = ———— 7
with
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where p+, etc. denote the corresponding quantities at
the respective port.

In Fig. 4, we show a comparison of the regularized
flow with the original flow (1), which also shows the
substantial change around flow reversal which occurs
when the two temperatures 7'y and 7_ differ strongly.
The inset of this figure shows the regularization around
flow reversal on a scale of the order of d p.

2.2.2 Electrical arc model

The most important and at the same time most com-
plex component of the library consists of models for
the description of the electrical arc and the surround-
ing vapor phase, which are formed after separating the
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Figure 4: Mass flow of SFg across a flow constriction
as a function of the pressure difference between the
two ports. The flow (1) (solid line) is compared with
its regularized version (4) (dashed line). Inset: Mag-
nification of the behavior around flow reversal. The
pressure p. = 10 bar is kept fixed, p = 0.05 bar and
the temperatures are 7_ = 3000°C and 7y =25°C.

electrical contacts in the circuit breaker. The impor-
tance of the arc process comes from the fact that it pro-
vides the conversion of the dissipated electrical power
into mass and energy, which are then injected into the
rest of the system.!

Figure 5 shows sketches of the arc zone with the
surrounding nozzles for two different times during the
breaking cycle. Comparing with Fig. 3, one can iden-
tify the outlets to the expansion volume (in the mid-
dle) and to the two exhaust volumes (on the left and
right). Furthermore, one can see the two electrical
contacts: the fixed tulip on the left-hand side and the
moving plug on the right-hand side. Between these
contacts, the electrical arc is formed. Schematically
we show the plasma arc (in yellow-orange) which car-
ries the electrical current. It roughly has the form of
a cylinder of length L, and radius R, and consists
of a plasma with typical temperatures of the order of
Tare = 20000K. The plasma arc is surrounded by a
zone of colder vapor (blue) with Ty;por = 4000K. The
color gradient indicates the pressure distribution along
the arc axis, which exhibits several pressure maxima
corresponding to stagnation planes of the gas flow.

The integral description of the gas dynamics we use
in our Modelica model, is based on such a two-zone
model of a cylindrical arc surrounded by a vapor layer.
As main parameters we provide geometric quantities,
i.e., the length of the arc region as well as the radius
of the surrounding nozzle, and the electrical current

A part of the power is also lost in the form of radiation that
leaves the system.



Figure 5: Schematic picture of the arc zone for two
positions of the plug near the initial (top panel) and
final (bottom panel) configuration in the interruption
process.

which is imposed on the arc. Furthermore, the pressure
in the volumes connected to the arc zone is needed.
Our current model, which relies on a purely steady-
state description of the arc, then calculates from these
quantities the arc radius, the temperatures in the arc
and vapor zones, the stagnation point pressures and
the position of the stagnation planes. Our model con-
tains an implicit system of non-linear equations relat-
ing these quantities. From the solution of this system,
one then obtains the amount of PTFE ablated from the
nozzle walls into the arc zone and thus the mass pro-
duction in the system. Taking into account the position
of the stagnation planes, one can calculate the distri-
bution of the convective mass and energy fluxes in the
three volumes connected to the arc zone.

More details of the arc model can be found in
Ref. [1]. In the next paragraphs, we discuss two of
the main issues we encountered when transferring this
arc model from a C-based, algorithmic implementa-
tion into an equation-based form.

First, looking at Fig. 5, one can observe that the
topology of the arc model changes along the break-
ing cycle. Initially (see top panel), the arc is only

burning in a region between the left and middle out-
let, while later (bottom panel) also the right outlet is
directly connected to the arc. In order to map this sit-
uation to a Modelica model, we connect together two
separate arc zones, which in the middle form a three-
way connection to the expansion volume. At contact
separation, when the arc ignites, we first “turn on” the
left arc zone. Only later, when the plug has moved
sufficiently far enough to the right, we switch on the
right arc zone. When an arc zone is “turned off”, an
arbitrary amount of gas can still flow across it with-
out any pressure drop. This effectively eliminates any
influence of the arc zone on the flow problem.

A second issue concerns the reliable convergence of
the solutions of the non-linear system of equations for
the arc towards the physically correct solution. This
becomes particularly problematic when turning on an
arc zone. At such a switch event, the Modelica lan-
guage unfortunately does not allow specifying suit-
able initial conditions for the non-linear solver. Con-
sequently, we had to resort to a different route: Even
when an arc zone is not active, we still solve the sys-
tem of arc equations. The various arc parameters are
restricted to an appropriate range. In particular, they
become continuous as a function of time, guaranteeing
convergence of the iterative solution procedure. When
the corresponding arc zone is turned on, we couple the
arc zone model, i.e., the mass and energy fluxes and
the allowed pressure drop, into the rest of the system.
Here, we use an appropriate smoothing method.

2.3 Mechanics

As mentioned above, the current interruption process
requires the mechanical separation of two electrical
contacts. The mechanical motion can be strongly in-
fluenced by the pressure buildup in the breaker cham-
ber. In these cases, the motion cannot be described
by a predefined travel curve. Instead, the mechani-
cal dynamics has to be modeled and coupled to the
fluid-dynamics system. This has been realized by us-
ing Modelica.Mechanics as a base. An alternative
is also to simulate, in a co-simulation setup, the me-
chanical system in a separate tool. Here, we used a
named-pipe based interface to MSC.ADAMS.

3 Conclusions

With the Modelica based implementation of the
breaker simulation tool, we have been able to re-
place the previously used C based tool by a mod-
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Figure 6: Simulation results from a complete breaker
model. Top panel: Temperatures in the arc and the
surrounding vapor zones. The two maxima reflect the
sinusoidal variation of the imposed current. After arc
extinction at t = 19ms, the temperatures in the model
stay constant. Middle panel: Pressure in the expansion
volume. Bottom panel: Reaction force on the mechan-
ical drive. The time is measured from contact separa-
tion.

ern, more flexible implementation, which also pro-
vides the users with a more powerful simulation en-
vironment. A result for a complete breaker model is
shown in Fig. 6. Of particular interest for dimension-
ing the breaker is the pressure buildup in the expan-
sion volume (middle panel) and the reaction force on
the drive (bottom panel). In contrast to more elab-
orate computational-fluid-dynamics simulations, the
fast computation times for obtaining these results en-
able a rapid determination of the essential design pa-
rameters for the breaker layout with a reasonably good
predictive power.

The transformation of a model written in C into an
equation-based formulation was not as straightforward
as we expected initially. In particular, achieving robust
convergence of the solution of the non-linear system of
arc equations, which is crucial for reliable use of the
tool, turned out to be rather demanding. Here, it would
be advantageous if the Modelica language provided

the necessary means for an explicit, direct control of
the non-linear solver, particularly the initial conditions
for the iterative solution process after state events.
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