
Chapter 2
Current Interruption Basics

In this chapter, the principle of current interruption in power switching devices with
mechanically separating contacts is presented. The interruption is associated with
initiation and extinction of a switching arc. First, a qualitative description of current
interruption in power networks with various load types is given, and important
parameters and concepts are introduced.

In the second part, the switching arc as the key element in current interruption in
mechanically opening switches is considered in detail. Relevant physical phe-
nomena of the switching arcs in different types of interrupting media, as well as
methods for arc modelling are discussed comprehensively.

2.1 A Phenomenological Description of Current
Interruption in an AC Power System

2.1.1 Contact Separation and Switching Arc

A switching device contains one or more pairs of contacts in each phase. Under
normal service, these are in closed position and current passes through the switch.
When an opening command signal is sent to the switchgear, its driving mechanism
will set the contacts in motion so that they start moving away from each other. As
explained earlier, the current is not interrupted at the time of mechanical separation
of the contacts, but continues to flow through an electric arc that ignites in the gap
between the opening contacts. The electric arc consists of a mixture of electrons,
neutral particles, and positive and negative ions. The temperature of the arc is very
high due to the energy dissipated in the arc by the current flow, making it a
reasonably good electrical conductor. The key task of a power switch is to control
the energy losses during arcing, as well as to provide appropriate measures to make
the arc unstable and cause the current to be interrupted near its zero crossing.
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The voltage drop along the arc through most of a current half cycle is approx-
imately constant and much lower than the rated voltage of the power network. As
the current passes zero, the input power to the arc also becomes zero, and the
processes responsible for generation of electrical charge carriers in the arc cease.
The working principle of a switching device is essentially to get rid of the available
charge carriers between its contacts so efficiently that the gap becomes virtually
insulating as the current reaches its zero crossing, and then to quench the arc and to
interrupt the current at this instant. In case of switching arcs in gaseous interrupting
medium, this process is associated with the cooling of the electric arc.

After the arc has been quenched at current zero, a voltage generated by the
surrounding power network arises across the contact gap of the switching device.
This is called the recovery voltage, and its amplitude and steepness determine
whether a new arc ignites after current zero, that is, whether or not the interruption
has been successful.

A simplified single-phase circuit diagram where a short circuit has occurred
close to the breaker is shown in Fig. 2.1. Figure 2.2 shows the current through the

Fig. 2.1 Single-phase
system, short circuit close to
the breaker

Fig. 2.2 Current and voltage
during a current interruption
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breaker and the voltage drop across the contacts during the interruption process as
described above.

The following factors play a major role in the success or failure of an attempted
current interruption:

– Arc current: The larger the amplitude of the current, the higher becomes the arc
temperature and the density of electric charge carriers generated in the arc. This
makes it much more difficult for the contact gap to become insulating after
current interruption at current zero. In addition to the current amplitude, the
current steepness (di/dt) near current zero is of crucial importance for the current
interruption process. A higher di/dt means that the switching gap has less time to
change from conducting to insulating state, before the gap is exposed to the
transient recovery voltage.

– Arcing time: Since there is no control on the mechanical opening and closing
moment of most switching devices, the instant when the contacts of a switching
device separate is a random variable. If the contacts separate just before the
current zero crossing, the current will not be immediately interrupted but con-
tinues to flow until the next current zero crossing. Therefore, the arc duration is
typically in the range of 0.5–1.5 times the length of a current half cycle. By
longer arc durations, the energy dissipation in the breaker increases, and
interruption of the current usually becomes more difficult.

– Arc voltage: The input power required for an arc to remain stable depends on
the medium in which the arc is burning. This defines the arc voltage that is
observed. The arc voltage is dependent on the design and the materials—in-
cluding the type of interrupting medium—of the switching device itself and not
on the rated voltage of the power grid.

– Transient recovery voltage (TRV): After current zero crossing, in case of a
successful interruption, a voltage is generated from the network onto the ter-
minals of the switching device as the result of energy oscillations between the
energy storage elements of the network. This is called the recovery voltage, and
it normally has an initial transient part, the Transient Recovery Voltage (TRV),
This voltage can accelerate the remaining electric charge carriers present in the
contact gap, increasing the chance of getting charge carrier multiplication by
impact ionization and finally lead to a breakdown of the switching gap and
formation of a new arc. Thus, the TRV is one of the key factors determining a
switching device ability to interrupt a current. In particular, the Rate of Rise of
the Recovery Voltage (RRRV) is of great importance. The TRV and short-circuit
current are determined by the network where the switching device is installed,
and differ for different switching applications, see Chap. 3.

The switching arc should have a very high electrical conductance, so that the
current can flow through it from the moment of contact separation to current zero,
without dissipating excessive amounts of power in the interruption chamber. After
current zero, its conductance has to go rapidly to zero, so that no current will flow
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through the arc causing the current to be interrupted. The total energy dissipation
during arcing in a switching device Eloss can be expressed as follows:

Eloss ¼
Ztcz
tsep

uarc � iarc � dt ð2:1Þ

where tsep is the moment of contact separation and tcz the current zero crossing. uarc
and iarc are arc voltage and arc current, respectively.

Consequently, the key processes for achieving a successful current interruption
are to control the dissipated energy in interruption chamber during arcing as well as
to rapidly decrease the arc conductance from very high values to near zero at
current zero crossing.

The breaker is said to re-ignite or re-strike if a new arc is formed after a current
zero crossing. A re-ignition occurs immediately after current zero, while a re-strike
is defined to occur at least a quarter of a power cycle later. Re-ignitions are divided
into two categories: thermal and dielectric re-ignitions.

The temperature of the electric arc channel is still high as the current passes
through zero, and thus some electrical conductivity remains. When the recovery
voltage then builds up, some power dissipation takes place in the arc path. If the
cooling is efficient, the temperature nevertheless drops, conductivity reduces, and
the current goes towards zero. However, the cooling might not be sufficient, and the
temperature and conductivity may then rise and a new electric arc is formed. This is
referred to as a thermal re-ignition as it is caused by a thermal instability in the
electric arc. The temperature in the contact gap is closely correlated to the amplitude
of the current that is being interrupted. Thermal re-strike occurs immediately (up to
a few microseconds) after current zero and is greatly dependent on the recovery
voltage shape, especially its steepness, during this period.

If a thermal re-ignition is avoided, the voltage across the contacts increases.
Even if there is practically no electric conductivity left in the contact gap, this area
is dielectrically stressed. A re-ignition will occur if the recovery voltage at any time
exceeds the dielectric strength of the gap. This is referred to as a dielectric re-
ignition.

The dielectric strength increases with time as the contact members move
apart. However, as the dielectric strength of a gas is inversely proportional to its
absolute temperature, the condition of the gas in the gap also plays a role. The gas
may still be warm due to the electric arc that has been burning in the gap. Often it is
found that the most critical time as to whether a dielectric re-strike will occur is a
few milliseconds after current zero. Thus, the possibility of having a dielectric
re-strike is influenced by the shape and amplitude of the recovery voltage in this
period.

Interruption of an alternating current can therefore be seen firstly as a race
between heat generation and cooling in the contact gap (risk of thermal re-ignition);
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and then secondly as a race between voltage build-up and dielectric strength in the
contact gap (risk of dielectric re-ignition).

2.1.2 Recovery Voltage

As mentioned above, the recovery voltage is determined by the properties of the
power system in which the switching device is installed, in particular the type of
load being interrupted. Idealised examples of recovery voltages in single-phase
systems, after interruption of a resistive, capacitive and inductive load are shown in
Fig. 2.3. The voltages ul and ur are the voltages at the left and right side of the
breaker, respectively. The arc voltage is assumed negligible compared to the system
voltage and the voltage across the switchgear before the arc extinguishes at current
zero is ubreaker = ul − ur = 0.

Current and voltage are in phase when the load is resistive (Fig. 2.3a), and the
voltage drop across the breaker follows the source voltage. In this case, the recovery
voltage has no transient part and ubreaker never becomes greater than the source
voltage.

Fig. 2.3 Current and voltage waveforms (schematic) during interruptions of resistive (a),
capacitive (b) and inductive (c) loads. The impedance on the source side of the breaker is ignored
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When the load is purely capacitive (Fig. 2.3b), the current is interrupted when
the source voltage is at its maximum. The voltage at the left side of the switchgear
follows the source voltage, while ur remains at its maximum value due to the
capacitive charging at the load side. The maximum amplitude of the voltage across
the contacts thus becomes twice the source voltage amplitude.

The idealised cases with resistive and capacitive loads give easy current inter-
ruption, as there are no voltage transients following the current zero crossing.
Inductive load (Fig. 2.3c) in combination with stray capacitances (not included in
the figure), on the other hand, gives an oscillatory circuit at the load side. Hence, ur
quickly goes to zero, but with a high frequency transient voltage component. If the
damping in the circuit is low, the maximum amplitude of ubreaker becomes twice the
source voltage amplitude. Consequently, the chance for having a re-ignition is
greater in this case, due to both the steepness and the amplitude of the TRV.

These simple and idealised examples serve as illustrations and an introduction to
a more thorough treatment of different switching duties and the associated recovery
voltages that will follow in subsequent chapters.

2.2 Switching Arcs

When gases or metal vapour are heated to very high temperatures a large part of the
molecules decompose and break down into a mixture of atoms and other neutral
particles, free electrons and positively and negatively charged ions. This mixture is
called a plasma and is the main ingredient of the electric arc, which always is
formed when the contacts of an energized switchgear separate. The properties of
arcs burning in gases at atmospheric pressure and above (known as high pressure
switching arcs) are treated in Sect. 2.3, while physical foundations of the arcs
burning in very low pressure (vacuum) environments are discussed briefly in
Sect. 2.4.

2.2.1 Arc Initiation

Sending an opening command signal to a power switching device causes its con-
tacts to separate soon after and a switching arc is formed. Different stages of this
process may be explained as follows:

– When the contact is closed current flows from one contact member to the other
one, not through the entire apparent contact interface, but through a limited
number of contact points (see Fig. 2.4a). The number and resistance of these
minute conducting areas depend on the contact material and the force pressing
the two metallic contact members together.
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– The very high current density in the last connecting point results in formation of
a liquid metallic bridge between the contacts. By parting the contacts from each
other, its cross-sectional area decreases and the current density further increases.
Eventually, the liquid bridge evaporates and is ionized. This process leads to
formation of the so-called initial arc.

– From now on, motion of charge carriers generated in the arc makes it possible to
keep the current flowing from one contact to the other one. If the formation of
the initial arc happens in the vicinity of an ionisable medium (like gas or oil in
switching devices), this medium is also ionized. The arc characteristics are then
determined by the material properties of the surrounding medium. If no ionis-
able medium surrounds the initial arc (like in vacuum switchgear), electric
charge carriers can only be supplied from the contacts, and therefore, the arc
characteristics are determined solely by the contact material.

Figure 2.4 shows the various stages of the arc initiation during separation of
current-carrying contacts. After formation of an electric arc between the two con-
tacts, the current flow will continue until the arc becomes unstable. The switching

Fig. 2.4 Various stages of initial arc formation by separating current-carrying contacts a contacts
in the closed position b contacts are connected only at the last point c a molten metallic bridge is
formed at the last connecting point d the initial arc formed by evaporation and ionization of the
molten metallic bridge (Note that the contacts surface roughness is exaggerated in this figure to
better explain the concept)
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arc remains stable as long as the dissipated energy from the arc (e.g. in form of heat
radiation and light emission) is compensated for by the energy input to the arc.
Since the input energy to the arc is determined as time integral of the input power to
the arc (the product of arc current and arc voltage), the arc usually remains stable
until the current approaches zero. Hence, the current flows through the arc during
the period from the time of contact separation, where the switching arc initiates,
until current zero crossing, where the arc becomes unstable.

2.2.2 Charge Carriers Balance

The electrical conductivity of gases is under normal temperatures and pressures
almost zero. This is because very low number of free electric charge carriers are
present. The current flow through a gas can only be realized if a significant number
of free charge carriers are generated. In this section, we will review all relevant
mechanisms contributing to generation and loss of charge carriers in a switching
arc.

The various mechanisms for the generation of electric charge carriers in gases
are also referred to as ionization mechanisms. When sufficient amount of energy is
transferred to a neutral particle, an electron may detach and a free electron and a
positive ion are created. The energy may be transferred by interactions (impacts,
collisions) with electrons, neutral atoms or positive ions, or may be acquired by
absorbing radiation. It is also possible for electrons within the metal contacts of a
switching device to overcome the energy barrier and be emitted the gas (electron
emission mechanisms). These two types of generation mechanisms of charge car-
riers are shown schematically in Fig. 2.5.

The generated free electrons may recombine with the ions and this decreases the
number of available charged particles. Another important process is the attachment
of the electrons to atoms and formation of negative ions, which have by far much
higher masses. During this process, very mobile charged particles are converted
into charged particles with very low mobility, which do not significantly contribute
any more to the current flow through the switching arc.

2.2.3 Ionisation Mechanisms

In ionisation processes due to impacts and collisions, it is common to distinguish
between thermal ionisation caused by random impacts in a gas at high temperature,
and impact ionisation caused by acceleration of the electrons in an electric field in
the time interval between two impacts. In the first process, the energy is solely
associated with the high temperature, whereas the energy in the last process comes
from the electric field, at least partly.
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2.2.3.1 Thermal Dissociation and Ionisation

Occurrence of arc in switching devices is associated with generation of heat. By
increasing the temperature of the gas, the gas molecules begin to decompose to their
building atoms. Decomposition or splitting of a molecule into two or more smaller
neutral particles is referred to as dissociation, such as the dissociation of a nitrogen
molecule into two nitrogen atoms (N2 ! 2N).

Dissociation occurs when a gas is heated to temperatures where the kinetic
energy of the particles exceeds the binding energy of the molecules. The dissociated
fraction, xd, of the gas molecules at a given temperature T and pressure p is [1]:

x2d
1� x2d

p ¼ K1T
3=2e�

Wd
kTð Þ ð2:2Þ

where K1 is a constant and Wd is the dissociation energy of the gas.
Dissociation is a far more complicated process for a gas molecule consisting of

many atoms, e.g. SF6, compared to a simple diatomic gas as nitrogen. The disso-
ciation of SF6 takes place through several steps where the molecule is gradually
split into smaller fragments. Finally, when the temperature has reached a suffi-
ciently high level a complete dissociation into fluorine and sulphur atoms occurs.

Fig. 2.5 Schematically shown different charge generation mechanisms in a switching arc
including ionization and electron emission processes
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If the gas temperature continues to rise further, electrons will gradually leave the
atoms and free electrons and different positive ions in the gas are generated (this
process is known as thermal ionisation).

Thermal ionisation is closely correlated to the kinetic energy of the particles in
the gas. The mean kinetic energy Wk is given by:

Wk ¼ 1
2
mv2 ¼ 3

2
kT ð2:3Þ

where v2 is the mean value of the velocity squared. According to the Maxwell
theory, the velocity of each particle statistically distributes around a mean velocity.

At a given temperature, some of the particles have sufficiently high kinetic
energy to cause ionisation through electron detachment. The detailed process of
ionisation depends on the gas temperature and is not discussed here, but the
dominating process at high temperatures is collisions between free electrons and
neutral particles. The free electrons that take part in the impact have acquired most
of their kinetic energy thermally, and not by acceleration in an electric field. Thus,
the density of generated charge carriers in a gas at a certain pressure under thermal
equilibrium is solely determined by its temperature. This fact is described in plasma
physics by the so-called Saha equation [2]. Consequently, the specific conductivity
of any gas and its degree of ionization are strongly dependent on its temperature.
The fraction of the particles in a gas that are thermally ionised are, similarly as for
dissociation, given by:

x2i
1� x2i

p ¼ K2T
5=2e�

Wi
kTð Þ ð2:4Þ

where K2 is a constant, and Wi is the energy needed for single ionization of a gas
molecule. The ionisation energy is also often expressed as

Wi ¼ eVi ð2:5Þ

where e is the elementary charge, and Vi the ionisation potential. The variation of xi
due to variations in temperature and ionisation energy is shown in Fig. 2.6, and the
ionisation energies for some particle types are listed in Table 2.1. It can be seen that
at normal temperatures, the number of ionized atoms is very small, so that the gas
has very low electrical conductivity. As the temperature increases above a certain
level, the number of ions increases abruptly. By further increase of temperature, the
gas becomes fully ionised.

The energy needed to detach one or two electrons is Wi1 or Wi2, respectively.
The table also contains the ionisation energies for single atoms. This is of interest
since some gases dissociate before they are thermally ionised. Consequently, the
ionisation potential for the dissociation products is more relevant than that of the
complete gas molecule.
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2.2.3.2 Impact Ionisation and Excitation

Collision or impact ionisation generally refers to ionisation due to an impact
between a gas particle and an electron that has gained energy through acceleration
in an electric field. This is not a precise definition as the kinetic energy obtained
from the field adds to its thermal energy. The electron energy has to be equal to or
greater than the ionisation energy of the particle it collides with in order for the
impact to cause ionisation. As mentioned earlier, it is only just after current zero
crossing, where the electric field is strong enough and temperature low enough for
collision ionisation to be of any importance.

In gases and arcs with high pressure and/or low electric fields, the electron may
experience many elastic collisions between each inelastic (which may cause ioni-
sation). Due to these elastic impacts, the velocity of the electron along the field will
have a randomly directed component, much in the same way as the thermal
movement. In strong electric fields, it is said that the electron temperature is greater
than the heavy particle/gas temperature, and it is thus difficult to separate between
thermal and collision ionisation in an arc.

Fig. 2.6 The fraction ionised by thermal ionisation as a function of ionisation energy and
temperature. The value of K2 in (2.4) is set to 3.16 � 10−7

Table 2.1 The thermal ionisation energy for some gases [3]

Particle type Wi1 (single ionisation) (eV) Wi2 (double ionisation) (eV)

N2 15.6

N 14.5 44.1

O2 12.5

SF6 16.2

S 10.4 33.8

F 17.4
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In principle, an ion accelerated in a field could also cause impact ionisation, but
this is far less probable as an ion, in contrast to an electron with much lower mass,
would lose a great part of its “extra” energy in elastic impacts. Therefore, very
strong fields are needed in order to “heat” the ions to temperatures above the neutral
particle temperatures.

2.2.3.3 Generation of Charge Carriers at the Anode
and Cathode (Electron Emission Mechanisms)

Metallic contacts are full of free electrons, which can move freely within the
metallic body. Under normal conditions, they cannot leave the contacts, because
there is an energy barrier between metal and vacuum, which is called the work
function of the metal. If some energy is transferred to the electrons, e.g. by heating
up the contact (thermionic emission), or the barrier is reduced, e.g. by application of
an electrical field (field emission), or a combination of both (thermo-field emission),
the electrons can leave the contact surfaces and contribute to the flow of current
through the arc from one electrode to the other.

Richardson-Schottky equation formulates the thermionic emission of electrons
from a metallic surface [4]:

JTE ¼ AT2exp � eu� aE1=2

kT

� �
ð2:6Þ

where A = 120.4 [A/cm2K2], a = 3.8 � 10−4. u, k, E and T are the work function
of the contact material [eV], Boltzmann constant, the electric field at the contact
surface [V/cm] and the cathode temperature [K], respectively. JTE [A/cm2] is the
thermionic emitted current density.

In case of field emission, the electrons tunnel through the energy barrier (tun-
nelling effect). If the barrier is reduced by application of an electric field, the
probability of presence of electrons outside the metallic body increases and so does
the emitted current density. The field emission current density is quantitatively
described by Fowler-Nordheim equation [5]:

JFE ¼ 1:41� 10�6 E
2

u
exp � 6:85� 107u

3
2

E
h yð Þ

 !
ð2:7Þ

where JFE [A/cm2] is the field emission current density and E [V/cm] the electric
field on the contact surface, respectively. h(y) is a function of y ¼ 3:62�
10�4E1=2u�1 and it is approximately equal to 0.95 − 1.03 times of y2 [6].

In many cases, the cathode surface is hot and at the same time, an electric field is
applied. The current densities are much higher than both thermionic and field
emission currents. A method proposed by Murphy and Good [7] can be used to
calculate the thermo-field emission current densities.
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Electrons are mainly supplied to the arc column by the cathode. If the cathode is
made of a metal with a high boiling point, e.g. tungsten, molybdenum or zirconium,
the cathode surface may reach high enough temperatures for thermal emissions to
occur. Thermal emission becomes important for temperatures greater than 3500 K,
and a typical current density is 100 A/mm2. Other mechanisms work for cathode
materials with boiling points lower than the arc’s temperature. In such cases, it is
believed that field emission or a combination of thermal emission and field emission
are the most important mechanisms.

The anode may be either active or passive. A passive anode does not supply
electrons to the arc. As the arc temperature decreases towards the anode, the number
of thermal ionisations in the arc decrease and the number of recombinations
increase. This leads to a decrease of the electron density. To maintain the electric
current, the electrons are accelerated to greater velocities. Consequently, there is an
increased possibility for impact ionisations. In order to accelerate the electrons, a
stronger electric field is needed. This is created by the net negative charge density in
the anode region and the associated anode voltage drop Va, see Fig. 2.9.

In an active anode, the surface temperature is so high that material evaporates.
The metal vapour may then be ionised resulting in an arc burning in a mixture of
gas and metal vapour.

The electron emission mechanisms are the main charge carrier generation
mechanisms in case of low pressure (vacuum) switching devices as explained in
Sect. 2.4.

2.2.3.4 Formation of Negative Ions

Negative ions are created when neutral particles capture and combine with free
electrons. Such a process takes place for some molecules and atoms where the total
potential energy of the electron and neutral particle becomes lower when they are
combined. Consequently, energy is required to separate them. This energy is called
the electron affinity and is generally measured in electron volts (eV). The electron
affinity varies from zero for the inert gases to 3.9 eV for fluorine. It is greatest for
elements lacking one electron in their outermost shell. These elements form elec-
tronegative gases, as is the case with sulphur and fluorine in SF6.

The probability of forming a negative ion decreases with increasing electron
velocity, i.e. with increasing temperature and electric field. The average time it
takes before a free electron becomes attached is referred to as the attachment time.
At room temperature, it is infinite for inert gases, about 6 � 10−7 s for air and about
4 � 10−9 s for SF6.

2.2.3.5 Recombination

When a gas or plasma contains a mixture of negatively and positively charged
particles, these can recombine to form neutral particles. They then have to reduce
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their combined energy, either as kinetic energy (collisions with solid surfaces,
three-particle-impacts) or by radiation. Exchanging energy with the surroundings
takes some time, and the recombination probability is therefore greater when par-
ticle velocities are low (i.e. low temperatures).

Among the many possible recombination processes are:

• Recombination at solid surfaces (of less importance in high pressure arcs,
important in vacuum arcs).

• Recombination of positive and negative ions (high probability as both types of
particles have relatively low velocities).

• Recombination of electrons and positive ions (relatively low probability as the
electrons move much faster than the ions).

The recombination rates are very sensitive to changes in pressure and
temperature.

2.2.4 Charge Carrier Dynamics

In the previous subsection, the relevant generation and loss mechanisms of the
charge carriers were discussed. The generated charge carriers are subjected to
different motion mechanisms due to the external applied forces (e.g. by an electrical
field) or because of their internal energy. The directional motion of charged par-
ticles (drift) results in a net current flow through the switching arc, while their
random motion cause them to spread or redistribute (diffusion).

2.2.4.1 Motion of Charged Particles in an Electric Field
(Electrical Conductivity)

As previously explained, charge carriers for carrying the current in an electric arc
are mainly generated in three different ways:

• Electrons are emitted from the cathode.
• Electrons and positive ions are formed by ionisation of gas molecules or atoms,

i.e. one or more electrons are detached and the gas molecule or atom becomes a
positive ion.

• Negative ions are formed in electronegative gases through electron capture.

When such a mixture of positive and negative charge carriers exists in an electric
field, the carriers will in average move parallel to or in opposite direction of the
field, depending on their polarity. The mean velocity is called the drift velocity
u and can be expressed as:
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u ¼ lE ð2:8Þ

where µ is called the mobility of the charge carrier and E is the electric field. This
movement of charge leads to an electric current density J given as:

J ¼ eE lene þ
XN
k¼1

klkn
k
i

 !
¼ rE ð2:9Þ

The electrical conductivity of the gas can be expressed based on the densities of
charge carriers and their mobility as:

r ¼ e lene þ
XN
k¼1

klkn
k
i

 !
ð2:10Þ

where r is the electrical conductivity, le and ne are mobility and density of elec-
trons, lk and nl

k are mobility and density of the k-fold ionised ions.

The arc column is generally approximately charge neutral, i.e. ne �
PN
k¼1

knki . The

mobility of ions is very much smaller than that of electrons (typically a factor of
103), because their mass is much larger than the electron mass. This implies that the
electron density of the ionised gas mainly determines its electrical conductivity:

J � eEnele ¼ rE ð2:11Þ

where the electric conductivity r is:

r ¼ e � ne � le ð2:12Þ

e is the elementary charge. In strongly electronegative gases, the electrons quickly
form negative ions with approximately the same low mobility as the positive ions.
The conductivity then becomes:

r ¼ 2e � ni � li ð2:13Þ

2.2.4.2 Diffusion and Ambipolar Diffusion

Concentration gradient of a certain particle type in the arc causes a flow of particles
from regions of high concentration to regions of low concentration; this phe-
nomenon is called diffusion (see Fig. 2.7).
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In systems containing many particle types, each type diffuses with a flux pro-
portional to the concentration gradient of that particle type:

ia ¼ �Da grad Na ð2:14Þ

where ia is the flux per volume and time of particles of type a, Da is the diffusion
coefficient for particle type a in the relevant medium, and Na is the particle
concentration.

When considering electron and ion transport in a cylindrical arc, the contribu-
tions from the electrons to the electric current density in radial direction can be
expressed as

je ¼ eDegradNe þ eNeleE ð2:15Þ

and in a similar way for the positive ions

ji ¼ �eDigrad Ni þ eNiliE: ð2:16Þ

The total current density in radial direction must be equal to zero under sta-
tionary conditions

je þ ji ¼ 0: ð2:17Þ

Furthermore, Ne� Ni = N (for singly ionized atoms). By inserting this into (2.14)
and (2.15), E is eliminated and the following equation is found:

ji ¼ �je ¼ �eDam grad N ð2:18Þ

where Dam is called the ambipolar diffusion coefficient, given as:

Dam ¼ Dile þDeli
le þ li

: ð2:19Þ

The Einstein relation gives the relationship between the mobility and the dif-
fusion coefficient:

Fig. 2.7 Schematically
shown flux of particles from
high density to low density
regions
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D
l
¼ kT

e
: ð2:20Þ

In a high pressure arc an equal particle temperature is generally assumed, thus
Te = Ti. The electron mobility is usually far greater than the ion mobility because
ions are much heavier, i.e., le � li. By inserting this into the (2.19), the ambipolar
diffusion coefficient becomes:

Dam � 2Di: ð2:21Þ

This expression shows that the diffusion coefficient of the heavy and slow ions
determines the speed at which the radial transport of heat and charge carriers from
the arc core occurs. The movement of the normally faster electrons is in this case
greatly influenced by a radial electric field in such a way that the particle flux (and
the associated radial heat and charge transport) is mainly determined by the drift
velocity of the ions.

Depending on the medium, in which the arc is formed, only some of the
mechanisms explained in Sects. 2.2 and 2.4 are dominant. In power switching
devices, the current carrying contacts are normally surrounded either by insulating
liquids like oil or by insulating gases like air or SF6 or even by vacuum.

By initiation of a switching arc in insulating liquids, the liquid quickly evapo-
rates and the arc burns in a gas bubble, so that the behaviour of the switching arc in
devices with insulating liquids is very much like as in those with insulating gases.
Thus, as far as the arc behaviour is concerned, all switching arcs in power
switchgear can be divided into the following two categories:

– High pressure arcs: this includes all switching devices with insulating liquid or
gas (oil breakers, gas breakers).

– Low pressure arcs: this is related to vacuum switching devices, where the
switching arc is a metal vapour arc.

The properties and characteristics of these two arc types will be discussed in
more detail in the following sections.

2.3 High Pressure Switching Arc

When considering high pressure switching arcs, it is common to distinguish
between static and dynamic arcs. A static arc can be established by using a DC
circuit. A DC source is connected in series with a resistance and a pair of contacts.
At first, the contacts are in closed position and current passes through the circuit. By
separating the contact members, an arc ignites and burns across the contact
gap. When all transient phenomena have faded out and stationary conditions have
been reached, a static arc is obtained.
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In cases, where the current or the cooling of the arc varies with time, the arc is
said to be dynamic. The voltage drop in a dynamic arc at a given time does not only
depend on the instantaneous value of the current, but also of the history, e.g., the
magnitude of the current and environmental conditions as they were just prior to the
voltage measurement. As it will be seen later, the reason is that the electrical
conductivity of the arc is highly dependent on the arc temperature and cross-section.
If the temperature is to be changed instantaneously, a certain mass has to be heated
or cooled, and this cannot be achieved unless infinite amounts of power are
transferred. In practice, the cooling is approximately constant over a short period of
time, whereas the current of the circuit determines the input power. Consequently,
the thermal inertia causes the arc to “remember” for a short time the amplitude of
the current that just has passed.

AC switchgears are always dealing with dynamic arcs. However, the physical
properties and conditions of the dynamic arc are very complex, and in simplified
descriptions, it is generally assumed that the arc, within a time interval, behaves as a
static one. Static arcs are, therefore treated first.

2.3.1 Static Arc Characteristic

The relation between the current in the arc and the voltage drop between the
contacts in a static arc generally has a characteristic shape. This is called the static
arc characteristic and is shown in Fig. 2.8.

The relation shown in Fig. 2.8 applies to a freely burning arc, i.e. an arc burning
in a gaseous medium where there is no interaction or influence with the walls or
other parts of the interruption chamber. Vacuum arcs show a very different current–
voltage relationship.

The static arc characteristic is highly nonlinear. At low currents, i.e. tens of
amperes, the voltage drop across the arc decreases with increasing current. For

Fig. 2.8 The static arc characteristic for an arc burning in a gas gap at atmospheric pressure or
greater (schematic). The scaling of the axes is approximate and varies greatly with gas type and
electrode material
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somewhat higher currents, the voltage across the arc is fairly constant and inde-
pendent of the current amplitude. At high currents, the voltage increases somewhat
with increasing current.

The arc voltage varies quite a lot from one gas to another and is also dependent
on the electrode material and the arc length. Typical values for the flat part of the
characteristic are from a few hundred to a few thousand volts.

Figure 2.9 shows a schematic drawing of the longitudinal cross-section and
electrical potential distribution of an arc.

The electric arc is divided into three main regions:

• The cathode region with a cathode voltage drop Vc. A typical value of Vc is
20 V.

• The arc column with an approximately constant electric field, typically
10 V/cm, and thus with a relatively low contribution to the total voltage drop if
the arc is short.

• The anode region with an anode voltage drop Va, typically 3 V.

The cathode side has more distinct arc foot points than the anode. In short arcs
most of the voltage drop occurs close to the electrodes, as shown in Fig. 2.9; the
increase in potential is substantially smaller along the arc column.

The electric current in a burning arc is carried partly by electrons and partly by
positive ions, with the direction of movements as shown in Fig. 2.9. Most of the
current is carried by electrons, which in part are generated by ionisation of gas
molecules in the cathode area and in part emitted from the cathode surface. The
space charge distribution in the electric arc can be found by considering the dis-
tribution of the electric potential along the arc. The relationship between electric
flux density D and the space charge density q is:

divD ¼ q: ð2:22Þ

Fig. 2.9 A cross-section of a
stationary arc (top) and the
corresponding potential
distribution (bottom)
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Electric flux density can be expressed by the electric field E and the electric
potential / by the following equations:

D ¼ ere0E E ¼ �grad /: ð2:23Þ

Combining (2.22) and (2.23), and assuming constant permittivity, ɛrɛ0, gives:

d2/
dx2

¼ � q
ere0

ð2:24Þ

This implies that there is a net negative space charge in areas, where the second
derivative of / xð Þ is positive (i.e. where / xð Þ curves upwards). Figure 2.9 shows
that this occurs in the anode region. Similarly, it is evidently a net positive space
charge close to the cathode.

The second derivative in the arc column is zero (/ xð Þ is approximately linear),
which indicates that there is no net space charge in this region. In other words, the
density of electrons and (singly charged positive) ions is equal. Thus, the plasma
contains many free charge carriers, but when observed as a whole from the outside
it appears uncharged or neutral.

2.3.1.1 Particle Density

In switching devices with high pressure arcs, thermal ionisation is the most
important charge generation process. Impact ionisation can be of relatively greater
importance near current zero crossing. Ionisation due to radiation plays normally
only a minor role. In a gas or an arc at stationary conditions, there is an equilibrium
between the dissociation, ionisation and recombination processes. These processes
determine the concentrations of the different particles. By only considering disso-
ciation and thermal ionisation processes, various particle densities can be calculated
using (2.2) and (2.4). The outcome of such a calculation is presented in Fig. 2.10
for nitrogen at constant pressure.

SF6 decomposes in several steps (SF4, SF2 etc.). The processes and conditions
then become very complex, and the calculated particle densities are not very
accurate, particularly at higher temperatures.

The charge carrier concentration in nitrogen varies strongly with temperature as
shown in Fig. 2.10. Similar conditions are found in other gases being used in
switching equipment. Hence, the electrical conductivity of an arc varies over a huge
span. Figure 2.11 shows the electric conductivity of air as a function of
temperature.

As shown in Fig. 2.11, the arc is an excellent electric insulator (comparable to
glass and porcelain) for temperatures less than a few thousand kelvin. By increasing
the absolute temperature one decade, from 500 to 5000 K, the conductivity
increases with as much as 14 orders of magnitude [9], approaching the conductivity
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of metals. No other substance is capable of changing its electric conductivity this
much. The conductivity span of semi-conductors in thyristors and diodes is con-
siderably less, at most 8–9 orders of magnitude.

Fig. 2.10 Particle densities for nitrogen at different temperatures and atmospheric pressure [8]

Fig. 2.11 Electrical conductivity of air at atmospheric pressure as a function of temperature. Note
that both axes have logarithmic scales. Examples of materials at the different conductivities are
given along the vertical axis
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Moreover, the change in the arc conductivity can occur very fast. These two
properties are the most important reasons behind the electric arc being such an
excellent medium for interrupting electric current.

To be able to change the electrical conductance of a high-pressure switching arc
abruptly near current zero, its temperature has to be reduced drastically. Therefore,
cooling of the arc channel is realised in different ways in various power switching
components with liquid or gas interruption media. This shows the importance of
heat transfer mechanisms in high pressure switching arcs; these are discussed in
detail in the next section.

2.3.2 Heat Transport in Electric Arcs

2.3.2.1 Heat Conductance

A temperature difference in a system implies that particles in the warmer regions
have higher kinetic energy than those in the colder regions. The system seeks to
level out these differences in kinetic energy through interactions (e.g. impacts). This
is how heat or energy transport due to heat conduction from warmer to colder areas
in an arc occurs.

Moreover, in case of diffusion of particles with different temperatures, such a
process leads to an energy transport in the direction of particle movement, or
opposite, depending on the direction of the temperature gradient. If the particles
flow from a warm to a cold region, heat or energy transport by particle diffusion
thus occurs.

The temperature is highest in the centre or core of the arc column. Dissociation
and ionization processes occurring here create particle types not found in the colder
regions at the outer edge of the arc column. A concentration gradient is thus present
and causes a flux of these particles (ions, electrons, molecule fragments) in the
radial direction. When these particles reach the colder areas, they recombine and
emit their dissociation energy and/or ionisation energy. In this way particle diffu-
sion causes radial energy transport in the arc.

Concerning charged particles (electrons and ions) certain restrictions apply for
such a particle flux. If differences in the concentration of positive and negative
charge carriers exist, the resulting space charges generate an electric field. This field
yields Coulomb forces acting in opposite direction on positive and negative charge
carriers. The direction of these forces is such that they seek to prevent space charge
formation, i.e. to maintain charge neutrality.

Based on the descriptions of the different heat conduction mechanisms in the arc
plasma, it is obvious that the thermal conductivity varies strongly with temperature.
Without consideration of dissociation, ionisation and chemical reactions, the thermal
conductivity coefficient of a gas increases slowly with temperature, but as discussed
in Sect. 2.2.2, in a high pressure arc many reactions like dissociation and ionisation
take place. This results in a very non-linear temperature dependent behaviour of the
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thermal conductivity. This relationship is shown in Fig. 2.12 for a few relevant
gases. In case of gas mixtures, e.g. air, or complex molecules with different disso-
ciation stages, a number of peaks at different temperatures can be identified.

The extremely high thermal conductivity of molecular gases near their disso-
ciation temperatures can be simply explained by considering the schematics
depicted in Fig. 2.13. The diffusion of molecules to the higher temperature region
results in increased dissociation, i.e. consumption of dissociation energy WD, and in
an accompanying large heat flux (qD) [11]:

qD ¼ �WD � Dmrnm ð2:25Þ

Fig. 2.12 Thermal conductivity as a function of temperature for gases at elevated temperatures
[10]

Fig. 2.13 Contribution of dissociation process to thermal conductivity
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Here, nm and Dm are the molecules density and the diffusion coefficient,
respectively. This can be interpreted as an enhancement of thermal conductivity at
those regions. Hence, higher dissociation energies may enhance the heat conduction
in high pressure switching arcs.

2.3.2.2 Radiation

Electromagnetic radiation is of great importance for the energy transport within an
arc. Moreover, radiation may also provide clues with regard to the physical pro-
cesses occurring in the arc, and a great deal of the existing knowledge about the
physics of the electric arc comes from studying the radiation.

Plasma in an arc can emit or absorb radiation through several different processes.
These can be grouped into two categories:

• Radiation from atoms going from one energy level to another.
• Radiation from charged particles that are accelerated.

When analysing the light emitted from an arc, it is generally found that it
consists of a line spectrum superimposed on a continuous spectrum.

The line spectrum is due to transitions between fixed energy levels in the atoms,
ions or molecules, and is directly related to excitation processes. With the particle
densities normally seen in high pressure switching arcs (not vacuum arcs), practi-
cally no radiation is emitted from the arc for transitions from an excited level to the
ground state. In such transitions, the absorbing atoms will enter into the same
energy state, as was the original emitting atom. The light quantum therefore diffuses
around in the plasma and has a low probability of escaping. This is called optical
trapping. This radiation may be of considerable importance for the energy transport
internally in the arc if the photons diffuse from regions of high radiation intensity to
regions of low radiation intensity.

The continuous spectrum originates in several processes, which can be divided into
“free-bound” and “free-free” transitions. “Free-bound” transitions are transitions where
a free electron of a certain kinetic energy recombines with an ion and the combined
particle enters a discrete energy state. In “free-free” transitions an electron leaves one
free state and enters another free state, for example by being accelerated by a nearby ion.

The continuous radiation is not associated with optical trapping and can rather
easily escape the plasma.

2.3.2.3 Convection

Heat can be taken up by a flowing gas at one location and released at some other
colder location (by heat conduction). Such a heat transport is referred to as con-
vection and is, in contrast to heat conduction, associated with a transport of mass.
The gas flow may origin in heating of the gas, since the density of a warm gas is
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lower than for a cold gas, and warm gas will rise and be replaced by gas flowing
from colder areas. This is called self convection. However, in switching equipment
the convection is generally due to a blowing of cold gas from an external location
onto the arc. This is called forced convection or forced cooling, and is in many
switchgear designs essential in extinguishing the arc at current zero.

Hence, convective cooling is closely related to flow of gases. The flow is laminar
at low gas velocities and turbulent at higher velocities. The turbulence has two
important aspects. It causes an increased flow resistance, but also a more efficient
cooling. Whether a flow is laminar or turbulent depends, among other things, on the
viscosity of the gas. The viscosity is very temperature dependent, as shown in
Fig. 2.14.

Due to the temperature dependency of viscosity, the flow inside an arc can be
laminar whereas the flow around the arc can be turbulent. This plays a significant
role in air blast and SF6 circuit breakers where the arc is cooled by a gas flow.

2.3.3 Temperature Distribution in an Electric Arc Column

The detailed knowledge concerning temperature distribution inside the arc of a
switching device is still far from complete, but a good semi-quantitative under-
standing exists. The temperature profile through the arc cross-section is approxi-
mately bell-shaped at low currents (the declining part of the static arc characteristic)
with a maximum in the centre. As long as the currents are relatively low, the

Fig. 2.14 Viscosity as a function of temperature for some gases [12]
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maximum temperature, and thereby the conductance of the arc, follows changes in
the amplitude of the current during a power cycle.

If the current is increased to several thousand amperes or greater, the temperature
does not rise without limits. At 20 − 30 � 103 K, the radiation losses from the arc
core are so great that the temperature (and the electric conductivity) varies relatively
little with the radial distance. Increasing the current even further only increases the
arc cross-section.

Hence, in general terms, at low currents the arc temperature changes in line with
changes in the current, whereas at large currents the maximum temperature is fairly
constant across the cross-section. This is shown schematically in Fig. 2.15.

The arc diameter may reach a few centimetres for very large currents. The arc
cross-section plays a role when designing nozzles for large circuit breakers. Here
the arc is drawn through a nozzle in presence of an intense gas blast.

2.3.4 Dynamic Arcs

When the current in the arc changes rapidly, the arc voltage no longer follows the
static characteristic. This is because the arc temperature and cross-section are not
able to adjust instantaneously to the values corresponding to the new current value.
The arc has a certain thermal inertia since a change in current leads to heating or
cooling of matter. If, for example, the current follows a step function, the arc voltage
will at first take a higher value, and then gradually decrease to the value corre-
sponding to the static arc characteristic. This is shown schematically in Fig. 2.16.

The arc resistance is mainly determined by the temperature, which cannot be
abruptly changed. Initially, the voltage drop is therefore directly proportional to the
step in the current. The voltage waveform can be approximated by an exponential
decay. The arc time constant can be defined as the time constant of the exponential
change in arc voltage following from a step in current. Measured values for such a
time constant for some gases are listed in Table 2.2.

Studies show that the arc time constant is far from a constant. It not only depends
on the test conditions and the method of measurement, but also on the magnitude of
the current [13].

Fig. 2.15 Radial temperature
distribution in the arc column
for increasing currents
(schematic)
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The thermal inertia causes the current–voltage relationship to depend on how
fast the current is changing. Figure 2.17 shows arc characteristics for the static case
and for two dynamic cases.

As Fig. 2.17 shows, the current–voltage relationship has a course similar to a
hysteresis loop where the loop narrows as the frequency increases.

For interrupting currents, it is advantageous to have a small arc time constant.
This makes it easier to quickly change the arc temperature and thereby its electric
conductance. However, the time constant is not an unambiguous measure of
whether or not a gas is well suited as an arc quenching medium. SF6 is, for example,

Fig. 2.16 Voltage drop
(solid) of an arc exposed to a
current that follows a step
function (dashed)

Table 2.2 Time constants
measured in a 1 A arc burning
in a 19 mm tube [13]

Gas Time constant (ls)

SF6 0.8

O2 1.5

CO2 15

Air 80

N2 210

H2 1

Fig. 2.17 The static arc characteristic, the arc characteristics for low frequencies (typically 50 Hz)
and for high frequencies (several kilohertz)
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a far better interrupting medium than H2 although their time constants are
approximately equal, as shown in Table 2.2.

Important mechanisms in high-pressure switching arcs and their interrelations are
summarized in Fig. 2.18. Charged particles responsible for current flow after
opening the contacts are mainly produced by thermal ionization of the gaseous
medium (see Sect. 2.2.3). The charged particles are accelerated by the electric field
within the arc, and as the result of their motion a current is generated. The energy
dissipation in the arc is proportional to the current flowing through the arc. The
dissipated energy partly contributes to the temperature increase of the plasma. If the
cooling mechanisms are so efficient that much larger amounts of power are drawn out
of the arc than generated by the current flow, the temperature and consequently the
conductivity of the medium decrease, and current can be successfully interrupted.

2.4 Low Pressure (Vacuum) Switching Arc

In certain switching devices, the switching arc is formed in an environment of very
low pressure. In those cases, there are almost no gas atoms present and therefore,
ionization of the very few gas atoms does not provide enough charge carriers to
carry the electric current across the contact gap. In these devices, electron emission
mechanisms at the metal contact surfaces are supplying the necessary charge
carrier.

The electron current emitted from the contact surface may locally produce very
high temperatures, which in turn contribute to further increase of current density. If
the temperature of the contact surface in small areas exceeds its melting tempera-
ture, these areas eventually explode and a mixture of electrons, ions and metallic

Fig. 2.18 Interrelation between important mechanisms at work in high pressure switching arcs
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neutral atoms are injected into the contact gap. This mechanism is known as ex-
plosive electron emission. By generation of a plasma near the contact surface, the
work function is reduced to zero, so that the electrons can easily flow outwards
from the contact. This is mainly valid for formation of emission centres in an open
contact arrangement. During contact separation of vacuum switching devices, as
explained in Sect. 2.2.1, excessive thermal losses lead to formation of a first
emission centre. As the electrodes are moving further apart, the initial, single arc
foot point quickly splits into several foot points. This only occurs at the cathode and
these micrometre-sized foot points are called cathode spots.

As shown schematically in Fig. 2.19, the metal atoms are explosively acceler-
ated from the cathode spots into the switching gap. They are ionised during the first
few 100 nm by the emitted electrons. Each cathode spot has a cone-shaped
structure. Near the cathode surface a positive space charge region (cathode sheath)
is formed. In a distance of a few micrometres from the cathode surface, a metal
vapour plasma is formed; its density distribution is very non-homogenous and
reduces strongly in the direction towards the anode (inter electrode plasma). The
number of emission centres is very much dependent on the current amplitude and
the contact material. The average current per cathode spot is in the range of some
tens to 100 A depending on the cathode material (see Table 2.3). In case of low
current arcs, the anode is passive and acts only as a sink of electrons and there are
many cathode spots on the cathode surface, which are moving very fast all over the
contact surface. The cathode spots are the only powerful light source in the gap
between the contacts. There is no confined or well-defined arc column, and there is
no visible foot point of the arc on the anode side. A characteristic weak, diffuse light
is emitted from the arc between the electrodes, and this type of arc is thus usually
called diffuse mode vacuum arc.

Fig. 2.19 Schematics of emission centres structure on the cathode surface
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This arc mode is associated with low contact erosion (see Table 2.3), and the
switching gap recovers very fast after current zero, making an interruption of the
current easy.

As the radiation from the cathode spots is the dominating loss mechanism and an
increase in current simply leads to formation of more cathode spots, the arc voltage
in a diffuse mode vacuum arc is almost independent of both the distance between
the contacts and of the current magnitude, see Fig. 2.21. Typical values of current
per cathode spot and arc voltage as well as cathode spot erosion rates for different
materials are listed in Table 2.3. The arc voltage is very low in comparison to that
of high pressure switching arcs. Consequently, the energy dissipation during an
interruption becomes relatively small, which is a clear advantage.

In case of vacuum (metal vapour) arcs, the recovery process of the switching gap
takes place mainly by diffusion of the generated charge carriers out of the switching
gap. As explained in Sect. 2.2.4.2, the diffusion dominated particle flux is very
dependent on the gradient of its concentration. The gradient of particle concen-
trations is extremely high in case of metal vapour arcs, and consequently the flux of
the particles out of the switching gap becomes large. It results in an almost complete
removal of charge carriers from the contact gap within a few microseconds after
cease of supply of new charge carriers at current zero crossing.

If the current exceeds a threshold, typically around 10–15 kA depending on the
contact material and geometry, the arc behaviour changes drastically. The cathode
spots gather in one point, a well-defined arc forms in the gap and there is also a
distinct foot point on the anode, an anode spot. This is called a constricted mode
vacuum arc, and it has an appearance that is quite similar to a high pressure gas arc.
In this mode, large areas of the anode and cathode surface melt and both contacts
can provide some metal vapour to the switching gap. The molten and very hot
contact surfaces continue to release metal vapour to the switching gap even after
current zero crossing. This results in very high contact erosion and slow recovery of
the switching gap. Therefore, entering into this arc mode is clearly undesirable, and
should preferably be avoided during the operation of vacuum switching
components.

Table 2.3 Cathode spot erosion rate, average cathode spot current, arc voltage in diffused mode
and chopping current level for different cathode materials [14]

Cathode
material

Cathode spot
erosion rate
(µg/C)

Average current
per cathode spot
(A)

Arc
voltage
(V)

Average and maximum
chopping currents (A)

Cu 140, 150 75–100 20 15, 25

Cr 115, 130 30–50 18 7, 16

Ag 22–27, 40 60–100 18 3.5, 6.5

W 55, 62, 64 250–300 16, 350
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Figure 2.20 shows the constricted vacuum arc schematically. Dissipations con-
tributing to the melting of large area on the anode and cathode surfaces are partly due
to the radiation losses of the constricted mode arc, but mainly due to the losses
occurred by current flow through the arc near electrode regions. A significant voltage
drop exists near cathode and anode. This implies that energies of

R
i tð Þ � Vcdt andR

i tð Þ � Vadt are dissipated close to cathode and anode surfaces.
Due to establishment of new arc foot points, the arc voltage changes sporadi-

cally, but is in average much higher than that of a vacuum arc in diffuse mode, as
illustrated in Fig. 2.21.

When the current decreases towards the end of the half cycle, the arc returns to
its more harmless diffuse mode. The cathode spots die one by one, and finally, there
is only one spot left. This abruptly ceases to exist just before the natural current zero
crossing, and the current is cut off. This is called current chopping and is a typical
vacuum interrupter phenomenon, although it can occur under certain conditions in

Fig. 2.21 Arc voltage of a vacuum interrupter at different currents

Fig. 2.20 Schematically shown structure of a constricted vacuum arc
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other types of switchgears as well. The contact material determines the chopping
current level in a vacuum interrupter (see Table 2.3). Current chopping is an
unwanted phenomenon since such a rapid change in current may lead to over-
voltages. A low chopping current is therefore favourable when choosing contact
materials for vacuum interrupters.

Thus, the control of arc in vacuum switching devices means to distribute the
dissipated energy homogenously over the whole surface of the contacts to prevent
large area melting of contact surface. In Chap. 4, it will be described how magnetic
fields can be utilized to accomplish this.

2.5 Modeling of Switching Arcs

The switching arc is the key element, which enables interruption of currents in
mechanical switching devices. Therefore, methods contributing to a better under-
standing its behaviour have received considerable attention. Depending on the
perspective and goals of the research, numerous models with different complexity
levels and for various applications have been developed for switching arcs.

In some cases, e.g. if the switching transients are to be modelled and the rated
voltage of the network is much higher than the arc voltage of the switching com-
ponent, the switching arc can be modelled as an ideal switch opening at current zero,
i.e. zero resistance in closed and arcing state, and zero conductance in open position.

In case the interaction between the switching arc and components of the sur-
rounding network is of importance, the simplest models describe the arc as a two-port
element with a nonlinear interrelation between arc voltage and arc current. H. Ayrton
suggested one of the most famous arc models of this kind [15], when she investigated
the characteristics of the arcs burning between carbon electrodes. She postulated:

uarc ¼ aþ b � lþ cþ d � l
iarc

ð2:26Þ

where uarc and iarc are arc voltage and arc current, respectively; a, b, c and d are
constants and l is the length of the arc. This equation fits to the behaviour of static
arcs for currents less than a few tens of amperes (see Fig. 2.8). However, no time
dependency is included, so this model cannot be used to describe dynamic arcs as
those in power switchgear.

2.5.1 Detailed Physical Models

To be able to develop applicable switching arc models, physical phenomena taking
place in the arc have to be considered. The most accurate but complex models are
the so-called detailed physical models. Here, all the physical mechanisms are
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described by their governing equations and those equations are solved simultane-
ously using numerical methods to determine the time and space resolved physical
parameters, such as density, velocity and temperature of different particle types
present in the arc. This in turn is used to calculate the integrated, measurable
quantities like arc voltage and arc current.

Depending on the interrupting media, the governing equations for the arc plasma
could be very different.

2.5.1.1 High Pressure Switching Arc

For high pressure switching arcs, it is normallyassumed that a local thermody-
namicequilibrium exists, and therefore all particle types are supposed to have the
same temperature. In this case, a plasma is assumed being a fluid with high elec-
trical conductivity, capable of interacting with electromagnetic fields. Hence, the
governing equations of fluid dynamics, e.g. Navier-stokes equation, are solved
together with the electromagnetic field equations. This formulation is known as
magneto-hydrodynamic (MHD) model. Three sets of equations, namely fluid
dynamic equations, electromagnetic field equations and material equations of state
are considered:

• Fluid dynamic equations: These include mass, momentum and energy conser-
vation equations.

@q
@t

þr � q � vð Þ ¼ 0

@ q � vð Þ
@t

¼ �r qvvð Þ � rpþ gr2vþ j� B

@

@t
qHð Þþr � qvHð Þ � r krTð Þ ¼ @p

@t
þ j � E� Erad

ð2:27Þ

Here q and v are mass density and velocity of the fluid (i.e. the plasma). H, p and
T are the total enthalpy, pressure and temperature, respectively. The total enthalpy
H can be expressed as:

H ¼ 1
2
v2 þ h ð2:28Þ

where h is the specific enthalpy of the material and is a function of its density and
temperature. The viscosity coefficient and the specific thermal conductivity are
denoted η and k. Erad is the radiation losses. E, B and j are the electric field, the
magnetic flux density and the current density, respectively.
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• Maxwell’s equations:

These are in general form expressed as:

r� E ¼ � @B
@t

r�H ¼ jþ @D
@t

r � E ¼ qelec
e0

r � B ¼ 0

ð2:29Þ

In a switching arc (plasma), as mentioned earlier, there is almost no net charge
and therefore, qelec � 0. In addition, the impact of the time derivative of the
magnetic flux density ð@B@t Þ is in many cases negligible, because the frequency range
of interest is not so high. This implies that the electrical field is rotational free and
therefore, an electrical potential u may be defined within plasma arc. The electric
potential is calculated by solving the Laplace’s equation. The current density can
then be expressed as:

j ¼ �rr/ ð2:30Þ

• Material equation of state:

(2.27) contains thermodynamic quantities of the interrupting medium. These are
in general not constant, but functions of the arc density and temperature, as dis-
cussed in Sect. 2.2. The set of equations is only complete if these interrelations are
taken into consideration.

The governing equations of the high pressure arc are solved together with
appropriate boundary and initial conditions. Normally, numerical methods and
commercial CFD (computational fluid dynamics) software are used. The output of
such simulations is the spatial distribution of the gas temperature and pressure
(density) at different times. Based on the gas temperature and pressure, the con-
ductance of the switching device at different times, especially near current zero can
be calculated.

2.5.1.2 Low Pressure (Vacuum) Switching Arc

In one extreme case, when considering the switching arc in low-pressure switching
devices with diffuse plasma, there is no local thermodynamic equilibrium and
therefore different species, like electrons, ions and neutral particles may have different
temperatures. For this case, either two flow plasma models [16] or Boltzmann
equation based plasma models [17] are used to describe its behaviour. In constricted
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mode, where an arc column exists, magneto-hydro dynamic models like those applied
to model high-pressure arcs are used [18]. The output of these simulations is the
current density and energy flux distribution to the contact surfaces at different times.

Contrary to high-pressure arcs, the electrodes play the dominant role in recovery
process of low-pressure (vacuum) switching arcs. The energy flux to cathode and
anode may result in temperature increase of the contact surfaces and consequently
to metal vapour supply to the switching gap after current interruption. This is the
main reason for thermal re-ignition in vacuum interrupters. The temperature dis-
tribution at the contact surface may be modelled by considering the heat conduction
through the bulk of the metallic contact.

2.5.2 Qualitative Physical Models

In order to reduce the complexity of the governing equations, one simplification
would be to integrate (2.27) in one or more spatial dimensions (e.g. radial r and
axial z directions). From a physical perspective, this means to divide the arc in
many zones with different simplified governing equations. Those equations can
then be solved using appropriate boundary conditions between adjacent zones. One
of the simplest qualitative (integral) models is the so-called two-zone model [19]. In
this model, the arc is split into two zones, arc column and arc surroundings, see
Fig. 2.22. It is assumed that all current flows through the arc column (zone 1) and
that the energy dissipation takes place in this zone. The second zone is only
important for the radial transport of the generated heat out of the arc column. This
method has been successfully applied to describe switching arcs in high voltage gas
circuit breakers.

Fig. 2.22 Temperature
profile of a high pressure arc
with indication of two distinct
zones
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In terms of computational requirements, the qualitative methods are much more
efficient than the detailed physical models and are therefore applied for arc-network
interaction, in simple electrical circuits, and for simple current interruption
investigations.

2.5.3 Black Box Models

In the two categories of arc models described above, the physics of the arc stands in
the foreground, but in many cases, there is no need to delve into the physical
behaviour of the arc. The only important fact is how the arc interacts with other
components of the power network. For such cases, it is sufficient to find a rela-
tionship between arc voltage and arc current. So-called black box modelling is a
way to describe voltage–current characteristics of power switching devices during
their arcing time, regardless of the physical parameters of the switching arc. The
scope of these three different approaches used for modelling of high pressure
switching arcs is shown schematically in Fig. 2.23.

The foundation of all black box models is the fact that the energy stored in the
arc Q strongly influences its conductance. Under the assumption that all cooling
mechanisms of the arc contribute to reduction of the energy stored in the arc with an
equivalent cooling power Pcooling, and considering the input power to the arc due to
the current flow through it, the following expression can be derived:

Q ¼
Z

uarc � iarc � Pcooling
� �

dt ð2:31Þ

The difference between different black box methods is how the dependency of
the conductance of the arc (g) on the energy stored in it (Q) is expressed:

Fig. 2.23 Different approaches to modelling of switching components with high-pressure arcs
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g ¼ f Qð Þ ð2:32Þ

After differentiation of (2.32) and using (2.31), the following general expression
is found:

dg
dt

¼ dg
dQ

� dQ
dt

dg
dt

¼ f 0 Qð Þ � uarc � iarc � Pcooling
� � ð2:33Þ

The latter equation is the basic equation for all black box models. Note that, no
assumptions are made with regard to how the arc conductance varies.

2.5.3.1 Cassie Black Box Model

If the behaviour of the arc under high currents is considered, the arc can be simply
modelled as a cylindrical column with a radius dependent on the energy stored in it,
see the temperature profile of the arc in Fig. 2.15. This means that the electrical
conductivity of the arc column is assumed to be constant, and a change of the arc
current leads only to a change in the arc column radius (i.e. the arc current density is
constant as well). In this case, the relationship between arc conductance and the
energy stored in arc is linear ðg ¼ kQÞ. In addition, it is assumed that the cooling
power is proportional to the conductance of the arc ðPcooling ¼ U2

C � gÞ. So by
replacing f 0 Qð Þ ¼ k ¼ g

Q and considering that g ¼ iarc
uarc

, the general equation of the
black box models can be written as:

1
g
dg
dt

¼ Pcooling

Q
u2arc
U2

c
� 1

� �
: ð2:34Þ

The ratio of the energy stored in the arc to the cooling power has the dimension of
timeanddescribes how fast the arc reacts to changeof its input/output power. It is almost
identical to the arc time constant introduced inSect. 2.3.As a second simplification, this
ratio is assumed constant and denoted sc. The resulting differential equation for what is
known as the Cassie black box model [20] can then be expressed as follows:

1
g
dg
dt

¼ 1
sc

u2arc
U2

c
� 1

� �
; g ¼ iarc

uarc
ð2:35Þ

Thus:

1
iarc

diarc
dt

� 1
uarc

duarc
dt

¼ 1
sc

u2arc
U2

c
� 1

� �
ð2:36Þ
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In this way, a closed mathematical relationship between arc voltage and arc
current is derived. The resulting model contains two parameters Uc and sc, both
independent of time.

2.5.3.2 Mayr Black Box Model

As discussed in Sect. 2.3.3, at lower arc currents, the temperature of the arc core is
very much dependent on the current amplitude. This corresponds to the temperature
range where the electrical conductivity of the arc is strongly dependent on its
temperature; see Fig. 2.15. As a simplification, the arc column can in this regime be
modelled as a cylinder with constant diameter, and with a conductivity depending
on the energy stored in the arc. In Mayr black box formulation [21], the arc
conductance is assumed to be an exponential function of the stored energy in it:

g ¼ g0 � exp Q
Q0

� �
ð2:37Þ

where g0 and Q0 are constants. The cooling power is assumed to be constant,

Pcooling ¼ P0. Replacing f 0 Qð Þ ¼ g0
Q0
exp Q

Q0

� �
¼ g

Q0
in (2.33), this yields the fol-

lowing differential equation:

1
g
dg
dt

¼ P0

Q0

uarc � iarc
P0

� 1
� �

ð2:38Þ

As in case of Cassie black box model, the ratio Q0
P0

has the dimension of time and
represents the arc time constant. Also in Mayr formulation, this ratio is replaced
with a constant sm. In this way, the final differential equation of Mayr black box
model becomes:

1
g
dg
dt

¼ 1
sm

uarc � iarc
P0

� 1
� �
or

1
iarc

diarc
dt

� 1
uarc

duarc
dt

¼ 1
sm

uarc � iarc
P0

� 1
� � ð2:39Þ

The Mayr formulation is very useful for describing the behaviour of a
high-pressure switching arc near current zero, where the current amplitude is rather
low and heat conduction is the dominating cooling mechanism.

The parameters of the black box models can be obtained from experimental
measurements of the arc voltage for a given arc current. The parameter values are
determined as those minimizing the difference between simulated and measured arc
voltage.
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In many cases, two parameters are not enough to give a satisfactory modelling of
the arc behaviour for all current ranges. It is possible to combine Mayr and Cassie
formulations, e.g. by considering the total arc conductance as the sum of partial arc
conductances found by Mayr and Cassie models [22]. It is also possible to introduce
new parameters, e.g. by taking into account the dependency of the arc time constant
and/or cooling power on different quantities such as arc conductance and arc energy
[23, 24].

2.5.3.3 Application of Black Box Model for Simulation
of Arc—Network Interaction

The mathematical relationship between arc voltage and arc current, established by
black box models, can be used together with circuit equations to simulate the arc
voltage and arc current as functions of time in a switching device installed in a
power network.

As the differential equations of black box models are nonlinear, it is in most
cases not possible to find a closed form solution for the arc voltage or the arc
current. Numerical methods are used to solve the set of equations. The classical
Mayr and Cassie black box models are implemented in many scientific software
packages like as Matlab/Simulink, and numerical methods such as finite difference
method may be directly applied to solve the equations in an iterative manner.

The following example demonstrates how the differential equations of black box
models can be transformed into a set of algebraic equations using the finite dif-
ference method. The resulting set of algebraic equations can then be solved
numerically.

Consider the simple circuit of Fig. 2.24, where a circuit breaker is used to clear
an inductive short circuit fault current. The equations of this circuit can be
expressed as follows (note that the Mayr formulation of (2.39) is used to describe
the voltage–current relationship of the arc):

Fig. 2.24 An exemplary
circuit to study arc—network
interaction using black box
models
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dg
dt

¼ 1
sm

i2arc
P0

� g

� �
g ¼ iarc

uarc
iL ¼ iC þ iarc

L
diL
dt

¼ uN � uarc

iC ¼ C
diarc
dt

ð2:40Þ

Replacing the time derivatives by finite difference (e.g. dg tð Þ
dt � g tþDtð Þ�g tð Þ

Dt if
Dt ! 0), the above set of differential equations can be transformed to the following
set of algebraic equations:

iarc tþDtð Þ ¼ uarcðtÞgðtþDtÞ ¼
iarc tð Þ2
P0�sm þ g tð Þ

Dt

� �
� uarcðtÞ

1
Dt þ 1

s

� �
iL tþDtð Þ ¼ Dt � uN tþDtð Þ � uarc tþDtð Þð Þ

L
þ iL tð Þ

ic tþDtð Þ ¼ iL tþDtð Þ � iarc tþDtð Þ

uarc tþDtð Þ ¼ Dt � iC tþDtð Þ
C

þ uarc tð Þ

ð2:41Þ

Using (2.41) and starting with the initial conditions of four variables iL, iC, iarc
and uarc at t0, it is possible to calculate all circuit variable values for the times
t0 þDt, t0 þ 2Dt, etc. In this way, all circuit variables are determined for all times
steps.

In case of complex networks, the number of circuit variables and equations
increase, and implementing black box models directly into circuit analysis software
is a more convenient approach than manually establishing the algebraic equations.

Exercises

Problem 1—Switchgear Introduction
What are the main requirements for a switching device?

What are the main differentiators between different types of switching devices?

Problem 2—Energy Dissipation in Arc
Assume a constant arc voltage of 600 V and a sinusoidal current with the frequency
of 50 Hz peak value of 50 kA. The arc burns for a half period before it is
extinguished.

Calculate the total energy dissipated in the arc.
What is the maximum and mean power dissipation?
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Problem 3—Derive Current Density Equation for Moving Charge Carriers
Consider the arc cross-section in Fig. 2.25.

The charge carriers in the arc with the charge qe and the density ne move with a
velocity, ve. Show that the current density, J, can be expressed as:

J ¼ qeneve

Problem 4—Conductivity in Gaseous Media
Figure 2.11 shows the relation between temperature and conductivity (in air). Why
is there such a big difference in conductivity at different temperatures?

Explain in your own words the process of transition (a) from insulating to
conducting state and (b) from conducting to insulating state by explaining the role
of different physical processes including dissociation, ionization, recombination and
heat transport.

Problem 5—Thermal Conductivity
Considering Fig. 2.26, please explain why H2 and SF6 have distinct peaks at in their
thermal conductivity in contrast to the inert gas Argon.

Computer Exercises

In the following computer exercises, MATLAB/Simulink is used to model a
switching arc and the resulting transient recovery voltage. A demonstration model
that exists in the MATLAB package (power_arcmodels) will serve as the starting
point for this exercise.

Problem 1
Implement the circuit of Fig. 2.27 in Simulink. Use existing Cassie and Mayr arc
models to simulate the current interruption process. The parameters of the Cassie

Fig. 2.25 Figure of problem 3
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and Mayr models are set to, tau = 1.2 ls and Uc = 2 kV, and tau = 0.3 ls and
P = 30.9 kW, respectively. The following starting values are used for different
parameters:

Ls ¼ 3:52mH; Lp ¼ 5:28mH; Ll ¼ 0:625mH;Cp ¼ 1:98mF;Cl ¼ 1:93 nF;

Rp ¼ 30W;Rl ¼ 450W and U ¼ 60 kV:

Explain the difference in arc voltage and current resulting from the two models.
Which one is able to model a successful interruption? Which gives a more realistic
arc voltage before current zero? Which one gives a realistic voltage after current
zero?

Problem 2—Cooling Power and Time Constant in the Mayr Model
In this problem, only the Mayr model is considered. By double-clicking the breaker
model, you can set new values to the parameters:

• Arc time constant, tau
• Cooling power, P

Thermal conductivity [W/mK]

0.1

10

1

  0        2        4         6         8       10       12       14 x103

Temperature [K]

H2

SF6

Argon

Fig. 2.26 Figure of problem 5

Fig. 2.27 Figure of problem 1
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If the cooling power is reduced, the interruption capability of the breaker is
reduced.

• Find the minimum cooling power needed to interrupt this circuit.

If the arc time constant is increased the recovery of insulation medium is slower,
and the interruption capability is reduced.

• Set P back to the original, 30,900 W. Find the critical arc time constant.

Problem 3—Transient Recovery Voltage, TRV (Using the Mayr Arc Model)

(a) In this problem, a terminal short circuit fault is investigated. The short circuit is
simply generated by reducing the value of the load impedance (the arc model
does not allow for zero impedance between its output and ground). Replace the
load RLC combination in Fig. 2.27 by a 1 mX resistor.

• Set cooling power, P, to 10,000 W
• Set arc time constant, tau, to 0.6e−6
• Run the model and find:

– Peak of the TRV Upeak

– Approximate rate of rise of recovery voltage, RRRV (given in V/µs)

(b) In a case like this, the RRRV is very dependent on the capacitance of the supply
circuit (left side)

• Adjust the supply side capacitance to increase the RRRV.
• What is the maximum RRRV that this breaker can interrupt at this given

current?

Problem 4—Current Limiting Circuit Breakers
The Mayr arc model gives a good description of the arc behaviour near current zero.
In this problem, a series combination of Cassie and Mayr arc models as shown in
Fig. 2.28 is used to model the arc voltage during the entire arcing time. The parallel
resistor Rp is used to avoid numerical instabilities; its value can be set 100 kX, so
the current flowing through this path is negligible.

Fig. 2.28 Figure of problem 4
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(a) Set the value of the capacitance Cp back to the original 1.98 lF.

• Run the model and find:

– The peak current
– The arcing time
– The TRV amplitude and RRRV (approximate)

(b) Reduce the source voltage and the value of the source side inductor Ls by a
factor 10.

• Run the model and find:

– The peak current
– The arcing time
– The TRV amplitude and RRRV

(c) Change the circuit breaker separation time to 0.017 (in both models). Run the
model and find:

• The peak current
• The arcing time
• The TRV amplitude and RRRV

(d) Compare the results of (a), (b) and (c) in terms of interactions between the arc
voltage and the short circuit current. In which switching components are high
arc voltages desirable, what are drawbacks of high arc voltages? Explain.
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