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Arc plasma energy evolvement in 60 kV network circuit breakers

Abstract. The evolvement of the electric and energetic properties of electric arcs at the poles opening of a circuit breaker (CB) is described by non-
linear mathematical models. Most of these models are dimensional types that do not describe the interaction between the arc and the network during
the interruption phase. This paper is aimed at the determination of the energy necessary for the arc creation at the opening of a high-voltage circuit
breaker with a black box model. The advantage of this model consists of its ability to link the intrinsic characteristics of the arc to the extern blowing
(quenching) power. Moreover, it provides fast and stable solving without needing for spatial dimensions of the breaker. The model is applied to a line
circuit breaker for which experimental results are available in the literature. Two phases of arc quenching evolvement are evidenced: Constant
energy phase followed by a decreasing energy one. The Kema-based model is found to be more accurate for online plasma quenching analysis and
the obtained results agree well with experimental ones where the heat energy represents the dominating part.

Streszczenie. Ewolucje wtasciwosci elektrycznych i energetycznych tukéw elektrycznych przy otwarciu biequnéw wytgcznika opisujg nieliniowe
modele matematyczne. Wiekszo$c¢ z tych modeli to modele wymiarowe, ktére nie opisujg interakcji miedzy tukiem a siecig podczas fazy przerwania.
Celem artykutu jest okre$lenie energii niezbednej do wytworzenia tuku przy otwarciu wytgcznika wysokonapieciowego z modelem czarnej skrzynki.
Zaletg tego modelu jest mozliwo$¢ powigzania wewnetrznych charakterystyk tuku z zewnetrzng mocg nadmuchu (gaszenia). Ponadto zapewnia
szybkie i stabilne rozwigzywanie bez konieczno$ci wymiarowania przestrzennego wytgcznika. Model stosuje sie do wytgcznika liniowego, ktérego
wyniki eksperymentalne sg dostepne w literaturze. Wykazano dwie fazy rozwoju gaszenia tuku: faza statej energii, po ktérej nastepuje faza
malejgcej energii. Stwierdzono, ze model oparty na Kema jest doktadniejszy do analizy hartowania plazmowego w trybie online, a uzyskane wyniki
dobrze zgadzajg sie z wynikami eksperymentalnymi, w ktorych dominujgcq cze$¢ stanowi energia cieplna. (Ocena energii fuku plazmowego w
wyftgcznikach sieciowych 60 kV)
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Introduction

High voltage circuit breakers (CB) are necessary
switchgear for the protection of electrical networks. In both
low and high voltage networks, there is a very large number
of breaking techniques that use the electric arc as a way to
evacuate energy [1-5]. Also, the low cut-off times of less
than some milliseconds and the high energy released
during the electric arc formation in high voltage circuit
breakers make the measurements difficult to achieve and
also expensive [6-8]. The development and manufacture of
HV circuit breakers require a detailed knowledge of heat
transfer mechanisms that evolve at the arc extinction [2, 9,
10]. Although these phenomena are important and of great
interest, one notes that only few articles are devoted to.
To extinguish the electric arc appearing at the opening of a
high voltage circuit breaker, all the electromagnetic energy
stored by the network must be dissipated [1, 11, 12].
Following the high Joule energy released during the CB
opening which can reach 30000 J [11, 13, 14], the arc can
be cooled through a strong blow of a suitable gas.
In this paper, a power balance has been set up in order to
model the energy needed for the creation of the arc during
the extinction phase. A precise description of that energy is
essential because it determines the dielectric recovery of
the arc. The model has been implemented in the Simulink-
Matlab environment to determine at first the arc voltage and
conductance, and then to -calculate the arc creation
energies. The model takes into account the ionization time
constant of the arc, its voltage, current and even the
external blowing power.

Mechanisms of the electric arc formation

Thanks to a mechanical system and as a result of fault
current occurrence the high voltage circuit breaker
electrodes separate in a quenching chamber. However,
after contacts separation, an arc appears and the current
continues to flow. In the presence of a gas, this arc is
associated to the corresponding plasma.

The filling gas is usually SF6, chosen for its excellent
thermal and dielectric properties [11]. The electric arc
occurs in the zone of high ionic and electronic density

provided from the inter-contacts medium or metal vapors
from the circuit breaker poles [2]. The junction zones that
bridge the arc column to the contacts are at temperatures
close to the melting point of the metal, hence the thermo-
ionic emission is possible [15]. Thus, the electric arc
consists of plasma composed of ionized gas and metal
vapors.

The arc quenching Models found in the literature [14, 16-20]
are always based on Maxwell's equations, Ohm's law and
the conservation equations of mass and energy.

Delalondre et al. [21] developed a two-dimensional code to
simulate switching in high voltage circuit breakers. They
obtain fields of temperature and potential close to
experimental ones. Chevrier et al proposed in [22] a
switching arc model in low voltage circuit breakers, while
Lindmayer et al [23] have developed a three dimensional
model for a low-voltage circuit breaker which predicts the
arc movement as a function of temperature and pressure. In
addition, Gonzalez [14] adapts a commercial code (Fluent)
for thermal plasma behavior in low-voltage circuit breakers.
Cassie and Mayr, Lowke et al [24] and Wang et al. [25]
have modeled two-dimensional variations of temperature
and conductance of quenching arcs in air and SF6. On the
other hand, Schavemaker et al [18] and Guardado et al [19]
show that a 0D model is sufficient to follow the evolution of
arc voltage in high voltage circuit breakers.

Energy balance of the electric arc

The rich bibliography about energy transfer available in
[26-33] shows that energy models are based on the
conservation equations of mass and energy.

L ainlw)=0

AL, )= (5 0Bl 2
_Pray + div(K grad(T ))

(1)

where p and H are respectively the density and enthalpy

of the plasma, v its velocity, ] the current density, B the
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magnetic field induction, P,

Yay the power lost by radiation

and T the thermodynamic temperature.
Expenmental measurements have shown that the term

(] AB representing the induced current in the arc is often

negligible [14], except for vacuum circuit breakers [34].

The appearance of the electric arc of current i(t) at the
separation of the contacts creates an arc voltage U(t) that
will determine a thermal elementary Joule energy dW
during a time df, thereby producing a very high temperature
rise. The expression of this energy is given by:

) AW =u(t) x i(t)-dt

The energy balance per time unit or the power
balance reported to the arc in absence of magnetization is
expressed by the following relationship:

(3) P(l;‘c:PJ+P+PC+Pray
Where Pga. is the total electric power, P, represents the
Joule power provided to the arc which plays a role in the arc
temperature rise, P is the cooling capacity due to the
blowing of SFe, P the power lost by thermal conduction

and P,

ray

The term P.can be expressed as a function of the arc

the power dissipated by radiation.

temperature 7' and the temperature 7|, of the external
environment by the following relationship:

3/2
@ P =(T-T)) Kz *r
where, K is the thermal conductivity of the arc and r its
radius.
Even if their dissipation assessment is necessary [35,

36], the terms P, and P, are usually neglected in black

box models calculations [18]. Thus, Pr., and P are
estimated to 1% in [21]. Rachard et al [29] reported that the
thermal energy dissipated by conduction has moderate
influence on the power balance.

New energy model approach

The arc models can be classified into two groups:
physical models based on hydrodynamic codes deducted
from Navier-Stokes and black box models where the local
properties are averaged and their governing equations do
not make appear differential terms on the space variables.
This is why they are called OD models. These include the
models of Mayr, Cassie and Kema [11, 13].

Also, to follow the energy Q of arc creation in a circuit
breaker during its extinction phase, the following
assumptions will be adopted. They have been used by
several authors [11, 13, 37] in OD models, namely:

- The arc column is cylindrical in shape.

- The resistivity is constant and its section decreases
during extinction.
- The electric field within the arc is constant
- The energy of arc creation is proportional to its base
surface.

To establish a simple model governing the arc
formation, one must assume that the conductance g is only
expressed as a function of energy Q used for this arc
formation.

(5) g=g()

Q represents macroscopically the plasma ionization energy
[11, 13].

Thanks to a differential equation, we can also write that
the difference between the electric power supplied by the

network U -iand the cooling power P injected by blowing
is used to create the arc.

ul—P—dQ

(6) dt
where P is the total cooling power provided to the arc, u the

d
arc voltage, i the current through the arc and 7? the power

necessary for the arc creation.

By expressing the differential of equation (5) as a function
of time by multiplying and dividing by the same quantity dQ ,
we obtain:

dg_dg dQ
—X—— then
dt dQ dt’
@) d g d0 g

Ohm's law for a constant electric field E and a current i(t)
crossing through an arc of cylindrical geometry and radius

R gives for an electric resistivity p :

R
i(t) = 2nE [—dr
(®) 0F
The conductance per unit length of a cylindrical arc can be
expressed by:
S

g [——g—
(9) P
where S is the surface of arc column.
The arc section can be then deduced:

S=gxp
The surface of the arc assumed in the Cassie’s assumption
[22] has been used to determine the energy Q necessary

to create the arc:

(10)
One obtains then:

(11)

So, we have:

0=5xC,
O=gxpxC,

dg 1

do pC
dg 1_ 1 Lui-p)
a g pC g
dg 1 _ 1 l{ggj
dt g pC dt

(12)
(13)
And by substituting the value of C¢ by Q/S and the value of
g by S/p, we obtain:

aa
(15) dt g 0

logarithmic

expressions between Q and g:
dlng  dInQ

(14)

dg 1 1
This equation can be replaced by the
(16) dt dt
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Three 0D models (black box) are used to describe the
evolution of the term Q through g. By using the Mayr
equation, we obtain the following expression:

d(inQ) _1 (u(t) x i(t)—lj
(17) dt T P

Where, P represents the blowing power in Watts and r the
deionization constant of the blowing gas (SFe).

Similarly, Q can be followed by Cassie equation given by
the following expression:

dmnQ) _1(u’
dt T

(18)
where u. is the Cassie constant voltage.
By using the Kema equation, one then obtains:

dinQ)_1 ( u(vit) ‘1J

dt 7\ P+RBu(t)i(t
(19) ju()i(t)
Where P is the external blowing power and P; a regulation
coefficient that is 0.9943. The consecutive arc column
surface evolvement is depicted on figure1.

Presentation of the used Electrical network
The HV electrical network used for simulation of breaking
arc is shown in Figure 2. Such approach is suitable to take
into account external parameters of the CB including the
topology of the network and the connected loads [38, 39].
The modelled CB has the same characteristics than that
used by Schavemaker et al. [18], namely longitudinal
impedance including a resistance and reactance per unit

Circuit breaker
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length of the line and two transverse admittances. This
network is powered by an electromotive force e = 60 kV.
The network characteristics are as follows:

Inductance L=3.5x107 H, Resistance R=30 Q and
Capacitance C=2.10° F. The frequency is set to 50 Hz.
Figure 2 shows the Matlab Simulink synoptic diagram of the
studied network. The simulations were performed thanks to
the SIMpower SYSTEM tool.

Surface of arc
Siattime t;

Surface of arc
column S, at time &,

time

Constant cooling power
Fig. 1. Arc extinction physical behaviour

Simulation

In this work, we focused on a typical HV SFg circuit breaker
used in substations and for which experimental results are
available in the literature [13, 14, 16-19]. The simulation
begins by initializing the arc parameters. The initial
conductance go of the plasma is first fixed to10* S/m which
corresponds to a conducting state. It will allow us to
compare our results with those obtained by Schavemaker
[18]. The initial energy Qo is then set to 10*J.
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Figure 2. Matlab Simulink synoptic diagram of the studied network
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Figure 3. DEE block used to solve the Mayr Model
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The circuit breaker opening time was set to 0.02 s. The
blowing power of SFs was simulated by the Step block of
Simulink with a step equal to the opening time of the circuit
breaker. The simulation time was fixed between 0 and 0.03
s to allow comparisons with experimental results available
in the literature. Several solvers of differential equations
have been tested to obtain the best convergence of the
solution to finally choose the ode45/Matlab solver with a
varisable time step in order to satisfy a relative tolerance of
107,

Mayr, Cassie and Kema differential equations solving
was made by the use of the Differential Equation Editor
(DEE) block. The conductance was replaced by the variable
x and the current by the expression u.exp(x). The solutions
of the equations are generated in the DEE block as currents
that are afterwards injected into the network. The steps
followed to solve the Mayr model are presented below.
Thus the differential equation was multiplied by the variable
u(2) that has been introduced to control the opening time of
the circuit breaker by providing a zero signal since the
opening time is not reached.

ding _ u(Z)(u(l)i_lj
dt T P

(20)
By setting In(g) = x, we obtain:

1) dt T P

u(2)=0 for a time less than the breaker opening time.

u(2)=1: For a time greater than or equal to the breaker
opening time.

where g is the arc conductance, u(7) the arc voltage and i
the arc current.

The output signal is a function of type y = exp(x(1))x u(1) .

To transform it into a usable current, a controlled current
source is inserted at the output of the DEE. Figure 3 shows
the adopted solving diagram in the Simulink environment.

Results and Interpretations

The variations of arc voltage in SFg through the three
models, namely Mayr, Cassie and Kema, for r = 0.3us have
been plotted on figure 4. The results analysis shows that
Mayr model is highly compatible with the Kema model,
unlike Cassie model that reproduces constant arc voltages.
One observes a voltage peak of about 80 kV which
corresponds to the juxtaposition of the transient recovery
voltage (TRV) with the numerically calculated voltage
presenting good agreement with the experimental values
measured by Schavemeker et al. [18] and Guardado et al.
[19]. These authors have performed arc voltage
measurements at the opening of a high voltage circuit
breaker and also observed a sudden voltage increase at the
opening of the poles. In Figure 5, the energies of arc
creation during the extinction are presented through the
model of Mayr. One can note a sudden decrease in energy
during the first milliseconds following the arc creation.

The shape of the obtained curves depends greatly on the
external cooling power P where a fast decrease is observed
for P = 30900 W. The numerical solution of Q based on
Kema model for three powers is presented on Figure 6.
This simulation shows two phases in the evolution of the
arc. During the first phase, the creation energy remains
constant, while in the second phase, a decrease of this
energy is observed. One notes that the energy coupling
with the Kema model is better adapted than with Mayr
model. In addition, from the results reported in figure 7, it

appears that the Cassie model is also not suitable for the
simulation of Q.

Figure 8 shows the joule heat energy injected during the
opening of the circuit breaker poles. There is a rise of the
energy necessary to maintain the arc. The injected energy
is about 5x10°J for Kema and 1.4x10°J for Mayr model.
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Figure 4. Arc voltage variations as a function of time for the
considered models
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Figure 5. Energy evolvement due to the arc versus time for the
Mayr model
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Figure 6. Energy evolvement due to the arc versus time for the
Kema model
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Figure 7. Energy evolvement due to the arc versus time for the
Cassie model
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By analysing the obtained results, it appears that the Q
energy is about 1% higher than the values of the injected
Joule thermal energy. These observations agree well with
the results reported by Rachard et al [29] and Van Der Sluis
et al. [31]. These authors show that the heat energy of the
arc is dominating in high voltage circuit breakers.

x 10°

2F-———-—-—-—-—-- i

Joule energy(J)
W H
.

1,, N

1 1
0 0.03
Figure 8. Injected heat energy versus time obtained with Kema and
Mayr models

Conclusion

A new model of arc creation energy at the opening of high-
voltage circuit breakers was developed thanks to
acceptable assumptions. Three conductance models were
implemented and simulated in Matlab-Simulink environment
to retain the best coupling between energy and
conductance. The simulations have shown a decrease of
the creation energy during the arc extinction phase.

The developed hybrid method has the advantage to no
need for spatial dimensions to solve accurately the energy
equations. Moreover, the equations are easy to implement
and their solving is faster and more stable than the all
numerical methods provided by commercial software.

The Kema-based model is found to be more accurate for
online plasma quenching analysis where two phases of arc
quenching evolvement are evidenced: Constant energy
phase followed by a decreasing energy one. The obtained
results are found to agree well with experimental ones
where the heat energy represents the dominating part.
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