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Summary

The circuit breaker helps protecting vulnerable equipment in a power network from
hazardous short-circuit currents by isolating a fault, when it occurs. They perform
this task by extinguishing a plasma arc that appears as soon as the breaker’s con-
tacts separate, and through which the short-circuit current flows. In an ac network,
the current’s value runs periodically through zero, and each current zero provides
the breaker with an opportunity to quench the arc, because here, its energy input
is temporarily zero. Due to the inductive nature of most short-circuit networks,
the voltage tends to rise immediately to its maximum value after the current in-
terruption. This complicates the current interruption process for breakers, because
just after they have been loaded with the arc, they have to cope with this recovery
voltage as well.

To ensure their reliability, new circuit breakers are subjected to tests with arti-
ficially generated short-circuit currents and recovery voltages, with values that are
appropriate for the network in which they are intended to use. These tests follow
strict rules, recorded in standards such as the iec 62271-100, about the size and
shape of the current and voltage waveforms. Specialised institutes, such as the High
Power Laboratory at kema, perform such tests and hand out certificates to breakers
that pass all tests. The certification process usually provides little more information
than that the breaker passed a test, or not, and it would be beneficial for both the
certification institute, and the breaker’s manufacturer, to obtain more information
form the tests. Such analysis on SF6 breakers has already taken place with success
in the past, and this work applies it to vacuum circuit breakers.

Vacuum circuit breakers are the most widely used type of breakers to protect
distribution level networks, with operating voltages of up to 72.5 kV. This thesis
analyses the electrical signals from short-circuit interruptions in vacuum, to detect
trends and indicators on the breaker’s performance. For this purpose, it describes the
test circuits and the measuring techniques, used to obtain the electrical behaviour
of the vacuum circuit breaker just after current zero. This includes the efforts to
reduce the distortion from the strong electric and magnetic fields that inevitably
involve a short-circuit test.
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ii SUMMARY

After its extinction, the vacuum arc leaves residual plasma behind, which pro-
vides a conducting path through which a post-arc current can flow. Since the post-
arc current is the most distinctive electrical signal in a vacuum current interruption,
the analysis mainly focusses on this phenomenon. The residual plasma decays within
microseconds, thereby finishing the breaker’s transition from a near perfect conduc-
tor to a near perfect insulator. The thesis pays special attention to the measuring
equipment that was used to track these fast changes in the signals (sub-microsecond),
and its large dynamic ranges (from kilo ampères to tenths of ampères, and from volts
to kilo volts).

In addition to the post-arc current research, the thesis analyses the vcbs reig-
nition behaviour. Since vcbs are created to prevent reignition, they had to be
subjected to much higher currents and voltages than their rated values, to force
them to reignite. These results, and the results from the post-arc current research,
provide new insight in the current quenching mechanism in vacuum.

Finally, this thesis also pays attention to the interaction between the electrical
circuit and the vcb after current zero. To this end, it describes how existing models
are extended with theories and insights that emerged from this research. The result
has been implemented as a function block in Matlab’s SimPowerSystems, which
facilitates the incorporation of the model in different electrical circuits.



Samenvatting

Een vermogenschakelaar beschermt kwetsbare systemen in een elektriciteit netwerk
van gevaarlijke kortsluitstromen. Dit doen zij door middel van het blussen van een
plasma boog, die ontstaat zodra de contacten van de schakelaar zich van elkaar
scheiden, en waardoor de kortsluitstroom loopt. In een ac netwerk gaat de stroom
periodiek door nul, en dit is voor de schakelaar het geschikte moment om de boog
te blussen, aangezien er dan momenteel geen energie aan de boog wordt toegevoegd.
Aangezien de meeste kortsluit circuits inductief van aard zijn, nijgt de spanning
direct na het doven van de boog naar zijn maximale waarde te stijgen. Dit maakt het
onderbrekingsproces voor schakelaars lastiger, aangezien ze direct nadat zij belast
zijn met de boog, deze wederkerende spanning moeten weerstaan.

Om hun betrouwbaarheid te garanderen worden nieuwe schakelaars uitvoerig
getest met behulp van kunstmatig gegenereerde kortsluitstromen en wederkerende
spanningen, die waarden en vormen hebben die overeenkomen met wat te verwachten
is in het netwerk waarvoor ze gebruikt zullen worden. Deze beproevingen zijn aan
strikte regels gebonden, zoals geponeerd in standaarden, zoals de iec 62271-100.
Speciale test instituten, zoals het kema High Power Laboratory voeren zulke be-
proevingen uit, en kennen certificaten toe aan een schakelaar, in het geval hij aan
de vereisten voldoet. Uit het certificeringsproces volgt doorgaans niet meer infor-
matie over de schakelaar dan dat hij aan de beproevingen voldoet of niet, en zowel
het certificeringsinstituut, als de schakelaarfabrikant zouden baat hebben bij meer
informatie over de test. Dergelijke analyse op SF6 schakelaars heeft in het verleden
al met succes plaatsgevonden, en dit werk past het toe op vacuum schakelaars.

De vacuumschakelaar is het meest gebruikte type schakelaar in distributie
netwerken, met spanningsniveau’s tot 72.5 kV. Dit proefschrift beschrijft de anal-
yse van elektrische signalen van stroomonderbrekingen in vacuum, die onderzocht
zijn op trends en indicatoren die betrekking hebben op het gedrag van de schake-
laar. Hiertoe wordt uitgebreid stil gestaan bij de circuits en de meettechnieken die
gebruikt zijn om de signalen rondom de stroomnuldoorgang te verkrijgen. Dit om-
vat tevens de methoden die gebruikt zijn om storing te onderdrukken die wordt
opgewekt door de sterke elektrische en magnetische velden die gepaard gaan met
kortsluit beproevingen.
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iv SAMENVATTING

Na het doven van de vacuumboog blijft er een plasma achter die een zekere
elektrische geleiding heeft en een na-nulstroom mogelijk maakt. Aangezien de na-
nulstroom het meest kenmerkende signaal van stroomonderbreking in vacuum is,
wordt dit het meest onderzocht. Binnen enkele microseconden vervalt het plasma,
waarna de overgang van een bijna ideale geleider naar een bijna ideale isolator
volledig is. Speciale aandacht wordt er besteed aan de meet apparatuur waarmee het
meten van deze snelle veranderingen (sub-microseconden), en hun grote dynamis-
che bereik (stroomwaarden van tienden ampere tot vele tientalle kilo ampere, en
spanningswaarden van enkele volts tot tientallen kilo volts) mogelijk was.

In aanvulling op het na-nulstroomonderzoek staat dit proefschrift tevens stil
bij het herontstekingsgedrag in vacuum. Aangezien vacuumschakelaars ontworpen
zijn om herontsteking te voorkomen, werden ze in dit onderzoek onderworpen aan
stromen en spanningen die ver boven hun genormeerde waarden, om zo doorslag te
forceren. Dit heeft geleid tot nieuw inzicht in het stroom onderbrekingsgedrag in
vacuum

Tot slot besteedt dit proefschrift aandacht aan het modelleren van de interac-
tie tussen het elektrische circuit, en de vacuumschakelaar na stroomnul. Als uit-
gangspunt hiervoor worden bestaande modellen uitgebreid met nieuwe inzichten die
ontstaan zijn in de loop van dit onderzoek. Het resultaat is geimplementeerd als
een functieblok in SimPowerSystems van Matlab, wat de simulatie in verschillende
elektrische circuits vergemakkelijkt.
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Chapter 1

Introduction

1.1 The application of vacuum circuit breakers in

the power grid

Circuit breakers are devices in electrical power systems made for interrupting short-
circuit currents. By isolating a fault, a circuit breaker is the last resort to prevent a
calamity, such as a blackout, from happening. For a good performance of this task,
they are placed at strategic locations throughout the grid. Over time, several breaker
types have been developed, each of which meeting the demands of the specific circuit
in which it is applied.

In the early days of electrical networks, oil and air breakers mainly performed
the task of breaking a circuit. Although they performed this duty well and are still
in use today, these types have significant drawbacks. A flammable extinguishing
medium, such as oil, causes potential explosion hazard in the case of a failure of the
breaker to interrupt a current. Air breakers, on the other hand, cause a lot of noise
when breaking a current, which is a serious drawback when this equipment is placed
near a residential area.

In the early 1900s, scientists discovered SF6-gas, and its superior dielectric prop-
erties were soon recognised by the electrical industry. With circuit breakers based
on SF6 gas, the size of switchgear could be reduced, while improving its reliability.
Nowadays, SF6 switchgear still dominates in high-power networks.

The advantages of vacuum as a current interrupting medium were already noticed
in the 1920s. However, its commercial application has been delayed until the 1950s,
because the industry had been unable to create the required ultra-high vacuum and
properly degassed metals. After solving these problems, the complicated manufac-
turing techniques were the reason why Vacuum Circuit Breakers (vcbs) were still
not profitable for using them in the power grid.
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2 INTRODUCTION

vcbs continued to evolve gradually, but it was not until the 1980s, after a series of
improvements, that vacuum switchgear has been applied on a large scale in electrical
networks [1, 2]. Since then, the vast majority of switchgear in networks with voltages
of up to 72.5 kV are based on vacuum technology, but for several reasons, it is still
not profitable to produce vacuum circuit breakers for high-voltage applications, since
higher voltages require larger breakers with corresponding manufacturing difficulties.

1.2 Duties and concerns

The main task of any circuit breaker is to conduct current under closed condition,
without dissipating energy, while creating isolation in the circuit, and withstand
a recovery voltage when it is open. The transition from a perfect conductor to a
perfect insulator has to be fast, in order to limit the potential damage from the
short-circuit current to other objects in the grid.

The basic configuration of an interrupter consists of one fixed and one movable
contact. They are placed inside a bottle containing an extinguishing medium, such
as oil or gas, or inside a vacuum bottle. Under normal operation, the contacts are
closed, but when the command to break a current is given, an external mechanism
separates them. At that point, the current flows through an electrical arc between
the contacts. This arc continues to exist until its energy input is removed by ex-
ternal means. In an ac network, the current’s value runs periodically through zero,
and each current zero provides the breaker with an opportunity to quench the arc,
because here, its energy input is temporarily zero. Due to the inductive nature of
the grid during a short-circuit fault, a transient recovery voltage starts to rise im-
mediately after current zero, with a peak value that can reach as much as twice the
nominal voltage. The fast rising of the recovery voltage across the contact gap of a
breaker puts a lot of strain on the cooling post-arc plasma, and it is the challenge of
the breaker’s manufacturer to prevent it from reigniting, i.e. from failing to interrupt
the current.

While most types of circuit breakers contain an extinguishing medium to cool
the arc, the arc of a vcb (called a vacuum arc) is quenched in a completely different
way. The lack of an extinguishing medium prohibits external interventions of the
quenching operation. Here, the arc’s plasma just diffuses in the vacuum ambient
after current zero.

In oil or gas type circuit breakers, the arc imposes its thermal stress mainly on its
cooling medium, but a significant part of the thermal stress imposed by the vacuum
arc is transmitted to its contacts. As a result, the main configuration of a vacuum
interrupter distinguishes itself from other types of breakers by its large electrodes,
on which this thermal stress is distributed (see Figure 1.1).

This works well for low currents, but as the current increases, the vacuum arc
tends to constrict, and most of the thermal stress is focused on a large spot on
the anode. This is disadvantageous for the breaker and could seriously limit its
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Contacts

Vapour shield

Figure 1.1: The inside of a vacuum interrupter.

operational lifetime. It is one of the reasons why the earlier versions of vacuum
switchgear could only be applied to lower voltage applications.

Over the years, manufacturers searched for ways to increase the operating cur-
rent. A major breakthrough was accomplished with the discovery that the arc can
be controlled by means of magnetic fields. Since then, two types of vcbs could be
distinguished, each with a differently applied type of magnetic field. One applies
a magnetic field parallel to the current, which tries to oppose arc constriction, and
hence, it increases the rated short-circuit current. In the other type, the current
limit is increased by allowing the constriction to happen, but force it to move across
the anode. In this way the thermal stress is still focussed into one point, but in time
it is distributed across the contact.

Another point of concern was, and still is, the withstand voltage. Its value is
more or less linearly proportional to the distance between the contacts at small
gaps. However, increasing the contact distance does not automatically lead to a
better performance at higher voltages. The main reason for this is that the effect of
the earlier mentioned magnetic field strength drops drastically when moving away
from the electrodes, and as a result, the magnetic control of the arc would suffer
from such an intervention.



4 INTRODUCTION

A great deal of investigation has been focussed on the contact material. Since the
vacuum arc consists of material that arises from the contacts, the choice of contact
material has a great influence on the breaker’s performance. For example, a contact
material with a low melting point results, in general, to a low arc voltage and low
current chopping levels, contrary to refractory materials. The material also has
influence on the withstand voltage capacity, and nowadays, an alloy of Cu and Cr is
the most commonly used contact material.

Although nowadays, vcbs are high-tech pieces of equipment that dominate the
distribution switchgear, manufacturers continue to search for simplifying the pro-
duction and hence reducing their production costs.

An important part of the development of new vacuum switchgear involves testing.
The physical mechanisms of the vacuum arc, and its quenching, take place on a very
small temporal and spatial scale. When a commercial vcb is produced, it is sealed for
life, which makes direct measurements on the vacuum arc impossible. Information
about the arc is therefore only obtained from its electrical behaviour.

The verification of the current function of vcbs is extremely costly, due to the
need of high-power equipment, which often has to exceed 1000 MVA of short-circuit
power, installed in special high-power laboratories. In order to obtain as much in-
formation as possible on the interruption performance, degradation and operating
limits of the circuit breaker from the cost-intensive tests, operators of such labora-
tories (both independent and those related to manufacturing industry) have a great
interest in a scientific method to assess the results of tests.

1.3 Aim of this work

The goal of this work is to improve the understanding of current-zero measurements
on short-circuit current interruption test with vacuum circuit breakers. This com-
prises basically three things, namely test circuits, measuring techniques and data
analysis.

Testing a real circuit breaker requires a test circuit that manages both tens of
kilo ampères and kilo volts. For research purposes, short-circuit tests are often
performed in a ’synthetic test circuit’. Such a circuit relies on the principle that the
high values for the current and voltage are required separately from each other; first
a short-circuit current and then a recovery voltage. Most of the data analysed in
this work has been acquired with synthetic test circuits.

The high currents and voltages entail strong magnetic and electric fields in a
wide frequency spectrum, which have the potential of distorting the measurements,
especially when measuring the low values of currents and voltages in the current-
interruption region. Therefore, this work pays special attention to the shielding of
distortion from the measurements. To this end, it compares different measuring
systems.
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The large collection of data gathered from the measurements is then analysed
for trends and indicators that might reveal special information about the tests. The
analysis focusses in particular on the events in the first microseconds after current
zero, because here, the vacuum circuit breaker shows the most distinctive electrical
signal, called the post-arc current. It also concentrates on measurements in which
the test object failed to interrupt the current, because this information might also
contribute to a better understanding of the current quenching mechanism in vacuum.

In addition to the data analysis, the breaker’s interaction with the test circuit is
also simulated in this work. The model developed for this purpose comprises existing
models and the results from the data analysis, and its configuration is such that it
can easily be adapted in different circuits.

The work has been carried out within the framework of a project from the Dutch
Technology Foundation (STW), called Digital Testing of Vacuum Circuit Breakers.
Most of the practical work has been performed at the High Currents Laboratory
of the Eindhoven University of Technology, whereas the theoretical work, such as
the data analysis and the model development, has been carried out at the Delft
University of Technology. The project further involved the industrial participants
Eaton-Holec, Tavrida Electric and Siemens that delivered the test objects, and the
High Power Laboratory of kema, which provided laboratory time and measuring
expertise.
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1.4 Outline of this thesis

Chapter 2 describes the mechanisms and underlying principles concerning the cur-
rent interruption in vacuum. It presents the nature of the vacuum arc and its
quenching mechanisms as is currently known. Since part of the research in the next
chapters is dedicated to the analysis of failure mechanism this chapter describes also
the known theory on this subject.

In Chapter 3, the techniques that were used for the acquisition of measured
data are described. It lists not only the different types of test circuits, but also the
different measuring techniques. The combination of high currents and high voltages
involves special treatment with regard to the accuracy of the measurements. For
this reason, part of this chapter concerns the measures that were taken to limit
the disturbance from electromagnetic interference. Finally, the chapter describes
the principles behind special software that were used to recover the currents and
voltages of the vacuum arc.

Chapter 4 discusses analysis that were performed on the measured data. It
investigates the influence of the test settings on the post-arc current, such as changing
the test-circuit, or the short-circuit current’s amplitude, and it compares these results
with existing results from the literature. It also searches for relationships between
different post-arc current properties. One particular event that is observed frequently
in the measurement due to the high resolution of the voltage measurement, is the
voltage-zero period. This chapter gives examples, and searches for an explanation
for this event.

Chapter 5 deals with the measurements of failures to interrupt current. Accord-
ing to Chapter 2, these failures can be classified into three types, which are thermal
reignition, dielectric reignition and re-strikes. This chapter researches these types
separately, and searches for indicators in the post-arc current that might relate post-
arc current properties to the performance of the breaker. This chapter also analyses
the relevance of the recently approved Amendment 2 of iec standard 62271-100.

Chapter 6 describes the development and implementation of a post-arc current
black-box model for vcbs. The experiences with other types of models, and the
experience with measured data from this research are used for the model’s develop-
ment.

Chapter 7 collects the conclusions from this research.



Chapter 2

The mechanism of vacuum

arc extinction

2.1 Introduction

The current-interruption process in a Vacuum Circuit Breaker (vcb) is done by a
metal-vapour arc, which is more commonly known as a vacuum arc [3]. This arc
appears as soon as the breaker’s contacts separate, and it continues to exist until its
energy input ceases. In an ac network, the current’s value runs periodically through
zero, and each current zero provides the breaker with an opportunity to quench the
arc, because here, its energy input is temporarily zero. The breaker’s resistance
changes rapidly from almost zero to almost infinity, and as a result, a Transient
Recovery Voltage (trv) builds up across the breaker after current zero.

Explaining the phenomena observed in electrical measurements, and modelling
a vcb’s electrical behaviour, requires knowledge of the physics behind the vacuum
arc’s extinction. This chapter summarises the results of this research, as found in
literature. It starts with describing the aspects of the vacuum arc, and the events
after its extinction. After that, it describes the control of the arc, which is required
to extend a breaker’s technical life-time and to improve the interruption process.
Finally, it explains the mechanisms that sometimes lead to a failure to withstand the
recovery voltage, and reignite the vacuum arc, hence being unsuccessful to interrupt
the current.

2.2 The vacuum arc

The vacuum arc that exists between the contacts of a vcb can generally be divided
into three regions [4]. These are the cathode spot region, being the main source

7



8 THE MECHANISM OF VACUUM ARC EXTINCTION

that provides material to the vacuum arc, the inter-electrode region, and the space-
charge sheath in front of the anode (see Figure 2.1). Contrary to the schematic
representation of the vacuum arc in Figure 2.1a, the cathode spot region and the
anode sheath region are very small in relation to the length of the inter-electrode
space. These regions have typically a constant thickness of several micrometers,
whereas the rest of the arc is inter-electrode plasma.

a)
ca
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e
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o
d
e

iarc

I II III

b)

u
uarc

x

Figure 2.1: Schematic representation of the vacuum arc. a) Separation of the arc into
separate regions: I cathode spot region, II inter-electrode plasma and III the anodic space-
charge region, b) Voltage distribution across the vacuum arc.

Despite its small size, the cathode spot region covers most of the arc’s voltage
uarc (see Figure 2.1b), and it is a typical feature of the vacuum arc that the voltage
across this region remains practically constant, independent from the value of the
current. This voltage depends predominantly on the type of material that is used for
the breaker’s contacts. For example, for copper-based contacts, which is the main
component in all commercial vcbs, the voltage is about 16 V.

The slightly increasing voltage across the inter-electrode region is mainly due
to Ohmic losses, but the voltage drop in front of the anode region is characteristic
for the interaction between a plasma and a metal surface. It occurs not only at the
anode, but it is also observed at other metal surface, such as the metal vapour shields.
Therefore, instead of describing the anodic voltage drop in particular, Section 2.2.3
describes the plasma-wall interaction in general.

The vacuum arc ceases to exist when its sources, the cathode spots, have disap-
peared. However, it takes time for the residual plasma to disappear, and the metal
vapour that is still present between the contacts after the arc’s extinction. The re-
maining charge has still some conductance, which leads to a post-arc current when
a trv starts to build up across the gap. Although the actual arc has vanished, in
addition to the vacuum arc properties, this section describes the post-arc current
phenomena as well.



2.2 THE VACUUM ARC 9

2.2.1 Cathode spots

Cathode spots are observed as tiny bright spots moving across the surface. The
observed light arises actually from an ionisation zone in front of the cathode, see
Figure 2.2. Between this ionisation zone and the cathode, an ionic space-charge
sheath is present, in which electrons from the cathode are accelerated to collide with
metal vapour, and ionise it. Both the distance between the spot and the cathode,
as well as the diameter of the ionisation zone measure just several micrometers.
Although the dimensions involved with the cathode spot region are small compared
to the total vacuum arc, it takes up almost all of the arc voltage. A consequence
of the small dimensions of a cathode spot is that other physical quantities, such as
the current density and the electric field, are high. This turns out to be not only a
consequence, but also a necessity for the spot’s survival [5, 6, 7].

iarc
Inter-electrode plasma

Ionisation zone

Ion acceleration zone

Liquid metal, emitting vapour

Cathode

∼ 1µm

Figure 2.2: Schematic representation of a cathode spot.

A number of different processes control the electron emission from the cathode.
First, there is thermal emission. When a metal is heated, an increasing amount of
electrons is able to escape spontaneously from the metal’s conduction band into the
ambient. The current density for a metal with the temperature of a cathode spot
(about 4000 K), lies in the range of 107 A/m2.

Another method for extracting electrons from a metal is by field emission, also
known as Fowler-Nordheim tunneling. When an electric field is applied to a metal
in vacuum, some electrons inside the metal are able to tunnel from their conduction
band through the potential barrier in front of the cathode, into the surrounding
space. According to this theory, the current density that results from the electric
field near a cathode spot reaches a value of up to 108 A/m2 [8].

The individual contribution of these two processes is insufficient to account for
the measured cathode spot current density, with values as high as 1013 A/m2 [9].
However, when the processes are combined, the total current density is not just
the sum, but a product of the separate processes. The result of this mechanism,
which is appropriately called Thermal-Field (TF) emission, corresponds well to the
measured cathode spot current density.
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The rise of the surface-temperature required for TF emission under a cathode
spot is mainly caused by ohmic heating by the electrical current, and by ion bom-
bardment. The latter process is the result of ions, accelerated in the electric field
inside the sheath towards the cathode. These processes generate much more heat
than the metal can conduct, and hence it evaporates in an explosive way, ejecting
metal vapour and droplets of liquid metal into the gap.

The surface-temperature rise at this scale can only be reached with a high current
density for Joule heating, and a high electric field for the accelerations of ions inside
the sheath. For a constant current and voltage, the current density and electric field
are simply increased by decreasing the spatial dimensions of the cathode spot to
zero. However, if the spot becomes too small in diameter, the crater produces too
little vapour to ionise, and destabilises the equilibrium. This is an argument for an
increasing spot size, and as a result, the cathode spot reaches a size that optimally
satisfies all the requirements

Cathode spots move across the contact’s surface. This movement is strongly
related to the presence of surface irregularities, such as micro-protrusions or crater
rims. These irregularities enhance the electric field, resulting in an improved location
for TF emission. The random distribution of irregularities across the surface is the
main reason for the cathode spot’s erratic motion. However, when a cathode spot
is subjected to a magnetic field ~B, it moves in the direction of −(~I × ~B), i.e. in
the opposite direction of the Lorenz force. Apparently, this force is small in relation
to other processes, and although many models have been proposed in the past to
explain this phenomenon (which is called retrograde motion), a final theory for this
has not yet been found.

The retrograde motion determines the movement of multiple cathode spots with
respect to each other as well. When the current increases, a cathode spot does not
simply continue to increase its size, but it separates into two or more spots over which
the total current is distributed. The current at which this happens depends mostly
on the contact material, and for copper contacts, cathode spots have a maximum
current in the range of 50-100 A.

The great number of models and theories on cathode spots that have been pro-
posed in the past, and continue to be published nowadays, are an indication that
a conclusive model has not yet been found. Finding an improved model for cath-
ode spots is beyond the scope of this research, however basic knowledge about it
might help to understand, for example, how the vacuum arc ignites, in the case of a
breakdown.

2.2.2 Inter-electrode plasma

The majority of the ions created in the ionisation zone in front of the cathode (see
Figure 2.2) return to the cathode to bombard its surface. However, a fraction of ions
is launched towards the anode, thus moving in an opposite direction of the electric
current. They do this with a kinetic energy that even exceeds the corresponding arc
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voltage. For lower currents, their energy reaches values as high as 120 eV, while the
arc voltage normally does not exceed 16 V. This effect is believed to be caused by a
combination of three mechanisms [10, 11].

The first is related to a ’potential hump’ in front of the cathode. The space-
charge causes the potential to rise locally to a much higher value than uarc, and in
the resulting electric field, ions are accelerated towards the opposite direction of the
electrical current.

Another force that drives ions in the opposite direction of the current is caused
by a pressure gradient. The pressure near cathode spots can rise to atmospheric
values, only to decrease to a low value a little further away from the cathode. The
resulting pressure gradient is strong enough to force ions to move towards the anode.

The third mechanism, which is believed to deliver the greatest contribution, is
electron-ion friction. In the constricted space of the ionisation zone, the kinetic
energy of electrons is not only used to ionise metal vapour, but also to exchange
momentum with the ions.

The density inside the inter-electrode plasma is low, which gives the charge a
high mobility. Electrons cross the gap without losing much energy from colliding
with ions or neutrals, and hence the plasma’s conductivity is high. As a result, the
electric field remains low, and ions move towards the anode without experiencing
much resistance from it. In vacuum arcs of copper-based contacts, about eight
percent of the electrical current consists of ion current, which is fully compensated
by the electron current.

2.2.3 Anode sheath

Particles in a vapour move with a random velocity determined by their temperature.
This creates a pressure that exhibits a force to the walls of the vapour’s container.
Most of the particles that collide with a metal object, such as the contacts or the
vapour shield of a vacuum tube, are removed from the plasma, as they are either
absorbed by the metal (electrons), or neutralised by electrons from the metal (ions).
In that way, the metal acts as a sink for plasma.

Since their thermal energy is higher and their mass is lower, electrons have a
higher thermal velocity than ions. Because of this, the flux of electrons at a metal
boundary would be larger than the flux of ions, which results in an electrical current.
An electric field in front of the electrodes repels the surplus of electrons to maintain
a net charge flux of zero. This explains the electric potential difference between
the plasma and the anode, which is mainly distributed across the small ionic space-
charge sheath in front of the anode (see Figure 2.1).

The electric field of a singly charged particle in space stretches to infinity, but
in the presence of particles with charge of opposite polarity, the spatial influence of
its electric field is finite. The distance of the electric field’s influence is expressed as
the Debye length, and is slightly longer than the average distance between particles.
In general, a plasma is called neutral when its size is several orders larger than its
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Debye length. The neutralising effect of the space charge on the electric field also
affects the size of the sheath in front of a metal object, and the anodic space-charge
sheath thickness is therefore only several Debye lengths.

2.3 Arc control

When the arc current surpasses a certain threshold, the arc constricts towards the
anode because of the electromagnetic forces. As a result, the current density at the
anode’s surface concentrates in a single spot, which is called the anode spot. The
energy involved can cause this spot to melt and produce metal vapour, which in turn
is partly ionised by incident electrons. At that point, the anode has changed from a
passive charge collector to a new source of charge.

An anode spot differs from a cathode spot in a sense that all the current is
concentrated in this single, stationary spot, and that it takes more time to cool
down after arc extinction. After current zero, the former anode is bombarded by
ions from the residual plasma, which are accelerated in the electric field of the
trv. The former anode becomes the new cathode, and with its increased surface
temperature and an increased amount of vapour in front of it, the conditions for
cathode spot formation, and hence the creation of a new vacuum arc, are severely
improved. Therefore, the anode spot is not only destructive for the contacts, thereby
limiting the breaker’s technical life-time, but it also increases the probability of a
reignition.

Eventually, the trv causes the reignition of a vcb, but anode spots enhance
the conditions for it, and they mainly determine the current interruption limit of a
breaker. The most useful techniques that are used by manufacturers to increase the
current interruption limit are described below.

2.3.1 Contact diameter

As a result of their retrograde motion, described in Section 2.2.1, cathode spots move
towards the edge of the cathode, thereby maximising the area of charge production.
The charge has to travel towards the centre of the anode for arc constriction. By
increasing the contact’s size, the distance between the cathode’s edge and the anode’s
centre increases, and hence, arc constriction takes place at a higher current level.

Increasing the contact diameter to obtain higher rated short-circuit current rat-
ings for vcbs is favourable. However, there are some disadvantages that limit the
use of larger contacts. One of them is that it requires larger ceramic envelopes,
which makes them more expensive, and another disadvantage is that larger contacts
increase the probability of having a surface irregularity that enhances the electric
field when a voltage is applied, which can lead to a re-strike. The latter effect is
called the surface effect, and it is explained in more detail in Section 2.5.1.
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2.3.2 Magnetic field

Nowadays, almost all the vacuum interrupters have a mechanism that generates a
special magnetic field between their contacts. The short-circuit current itself gen-
erates this field, as the contacts are constructed in a way that the current spirals
through them. Depending on the contact configuration, the current generates a
magnetic field that is either parallel to the interrupter’s axis (Axial Magnetic Field,
or amf [12, 13]) or radial to it (Radial Magnetic Field, or rmf [14]). Figure 2.3
depicts two examples of such contact types.

Figure 2.3: The contact geometry for amf (left) and rmf (right) type interrupters.

Both types of magnetic fields are intended to relieve the thermal stress on the
anode. In an amf, the arc maintains its diffuse state at higher currents, while an
rmf allows the formation of an anode spot, but forces it to rotate quickly across the
anode, thereby limiting the average thermal stress on it.

In general, breakers with amf type contacts allow for higher currents than break-
ers with rmf type contacts, since the absence of an anode spot results in less vapour
release. However, amf type contacts are more complicated to manufacture than
rmf type contacts, which as a consequence makes their production more expensive.

2.3.3 Vapour shield

Vapour shields do not actually control the arc, but they increase the technical life-
time of vacuum interrupters. They envelope the contacts to prevent metal vapour,
released during arcing to attach to the ceramic envelope. In this way, it prevents the
formation of a conducting path along the inner side of the ceramic enclosure that
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eventually may short out the breaker, which would render the interrupting device
useless.

As explained in Section 2.2.3, the metal vapour shield acts also as a sink for
charge. As a result, the shield’s configuration has an influence on the breaker’s
electrical behaviour. This is most clearly seen in the post-arc current. Shields with
a small diameter allow less charge to be present, and drain it more quickly than
shields with a larger diameter. As a result, the post-arc current’s magnitude and
duration are proportional to the shield’s diameter [15, 16]. Therefore, it is beneficial
for the breaker’s recovery to have shields with a small diameter, but a minimum
value is also required to prevent a breakdown via the shield.

Shields are also applied to protect other vulnerable parts of the breaker, such
as the metal bellows, but their influence on the breaker’s electrical behaviour is
negligible.

2.4 The post-arc current and the recovery voltage

When the arc current approaches zero, the number of cathode spots reduces until
only one is left. This spot continues to supply charge to the plasma, until finally,
the current reaches zero. At current zero, the inter-electrode space still contains a
certain amount of conductive charge. As the current reverses polarity, the old anode
becomes the new cathode, but in the absence of cathode spots, the overall breaker’s
conductance has dropped, which allows the rise of a trv across the vcb.

The combination of the residual plasma’s conductance and the trv gives rise
to a post-arc current, which, depending on the arcing conditions and on the trv,
can reach a peak value of several milli ampères to several tens of ampères. The
post-arc current has been subject to investigation for many years, since it is one
of the most distinctive electrical features of short-circuit current interruption with
vcbs [14, 17, 18, 19, 20, 21]. Because the post-arc current shows a clear dependence
on the arcing conditions, it is a reasonable assumption that it reflects the conditions
inside the breaker immediately after current zero. This would provide researchers
with a tool to investigate the interruption performance without having to damage
the vcb to look inside. However, the post-arc current unfortunately contains a
considerable scatter that disturbs the relationship between the arcing conditions
and the post-arc current. This has to do with the final position of the last cathode
spot which, till now, can only be determined by looking inside the breaker.

When the final position of the last cathode spot is near the edge of the cathode, a
significant amount of charge is ejected away from the contacts, and disappears, e.g.
by recombination at the breaker’s vapour shield. If this is the case, less charge is
returned to the external electrical circuit by means of a post-arc current, compared
to the situation in which the final cathode spot’s position is close to the centre of the
cathode (see Figure 2.4). Since a cathode spot moves randomly across the cathode
surface (but is biased by an external magnetic field), its final position is unknown.
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As a result, the post-arc plasma conditions are different for each measurement, which
gives the post-arc current its random nature.

1
2

Cathode

Anode

Figure 2.4: If the final cathode spot extinguishes at position 1, more charge returns to
the electric circuit than when it extinguishes at position 2.

Nevertheless, some general conclusions about the shape and intensity of the post-
arc current can be drawn. For instance, that its peak value and duration increase
with an increasing value of the short-circuit current and with an increasing arcing
time.

With regard to its mechanism, the generally accepted theory divides the post-arc
current into three phases, which are described below.

0

1

2 3

ipa TRV

Figure 2.5: The post-arc current in a vcb. The numbers refer to the phases that are
explained in the text.

During arcing (before current zero), ions are launched from the cathode towards
the anode. At current zero, the ions that have just been produced continue to move
towards the anode as a result of their inertia. Electrons are much lighter than ions,
and it can be readily assumed that they adapt their speed immediately to a change of
the electric field. As a result, the electrons match their velocity with the ion velocity
to compensate for the ion current, and this makes the total electrical current zero.

We now enter phase 1. Immediately after current zero, the electrons reduce their
velocity, and a net flux of positive charge arrives at the post-arc cathode. This
process continues until the electrons reverse their direction, and until this moment,
the net charge inside the gap is zero. With no charge and a high conductivity of the
neutral plasma, the voltage across the gap remains zero in this phase.

As soon as the electrons reverse their direction, the post-arc current enters its
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second phase. In this phase, the electrons move away from the cathode, leaving
an ionic space charge sheath behind, see Figure 2.6. Now, the gap between the
electrodes is not neutral any more, and the circuit forces a trv across it. This
potential difference stands almost completely across the sheath, which, contrary to
the plasma, is not (charge) neutral.
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Figure 2.6: Schematic representation of the post-arc sheath growth.

Initially, the plasma connects the vapour shield surrounding the contacts electri-
cally to the cathode, as in Figure 2.7a [19, 22]. As a result, the distribution of the
electric field in the sheath does not change much as the sheath continues to grow,
since the vapour shield maintains the cathode’s potential, see Figure 2.7b. How-
ever, after a while, the metal vapour shield becomes disconnected from the electrical
circuit as the sheath progresses towards the anode (see Figure 2.7c). This process
changes the electrical configuration of the vacuum chamber drastically, and it is fre-
quently observed that at this moment, the post-arc current shows a distinctive drop
towards zero. Measurements performed by others on the vapour shield’s potential
in the post-arc phase confirm this theory [23].

The sheath continues to expand into the inter-electrode gap until it reaches the
new anode. At that moment, the post-arc current reaches its third phase. The
electrical current drops, since all electrons have been removed from the gap. The
electric field between the contacts moves the remaining ions towards the cathode,
but the current that results from this process is negligible.

2.5 Failure mechanisms

A failure occurs when a breaker is unable to withstand a voltage after current inter-
ruption, and a new arc is formed, through which the short-circuit current continues
to flow. Knowing the nature of a failure makes it easier for developers to prevent
it from happening, and nowadays, commercially available vcb’s are well capable of
reliably interrupting currents according to their current and voltage rating.

If nevertheless the breaker does not interrupt the current at the first current zero
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Figure 2.7: The sheath growth eventually isolates the metal vapour shield.

after contact separation, it most likely interrupts the current at the next current
zero. The reason for this is that the conditions for a successful current interruption
at the following current zero have improved. Although it is difficult to investigate
the conditions in an hermetically sealed breaker, two examples can be given that
make this assumption probable.

The first has to do with with the arcing time. The average contact separation
speed of a vcb is about 1 m/s. This means that when the contacts start to sepa-
rate just an instant before the first current zero, the contacts have not reached their
maximum separation at current zero. Since the breakdown voltage increases propor-
tionally with the contact separation, a breakdown at a voltage below the breaker’s
rated voltage can occur. In the next current loop, the contacts continue to sepa-
rate to reach its maximum at the following current zero and interrupt the current
correctly.

Another example has to do with the electrical properties of the external circuit.
A short-circuit network has a dominant inductive nature. That means that when
the short-circuit occurs at an instant other than the instant of a maximum voltage,
a DC component adds to the short-circuit current. This DC component decays due
to resistive elements in the circuit, and as a result, the short-circuit current can be
divided in successive major and minor loops (see Figure 2.8). The breaker’s current-
interruption conditions after a major loop are worse than after a minor loop. Hence,
it is likely that if a breaker fails to interrupt the current after a major loop, it can
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still break the current at the next current zero, after the minor loop.

a)

E

R L VCB
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Voltage

Current

Minor current loop
Major current loop

Figure 2.8: Example of an asymmetric short-circuit current. a) the inductive circuit and
b) the voltage and current trace of the vcb.

In general, events of continuation of arcing after initially successful interruption
are divided into two different types, depending on the time after current zero at
which they occur. One is called dielectric breakdown, which happens some time after
current zero, and the other is called thermal breakdown, which is the breakdown type
that occurs almost immediately after current zero, when residual charge and vapour
are still present in abundance between the contacts [24, 25].

2.5.1 Dielectric re-strike

Section 2.2.1 introduced the principle of Fowler Nordheim tunneling, which is the
mechanism that draws electrons from a metal surface by means of an electric field.
The resulting current density causes locally Joule heating of a contact, increasing its
temperature locally, which may eventually lead to the formation of a cathode spot,
and subsequently to a re-strike. Since such a failure is initiated by an electric field,
it is called (dielectric) re-strike. This term is used for describing the failure a vcb,
at an instant when the presence of residual vapour from a vacuum arc is unlikely.
Such a failure occurs, for example, several milliseconds after current zero.
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For perfectly smooth contact surfaces, the electric field in a vcb under normal
operating conditions is generally too low to cause dielectric re-strike. However, irreg-
ularities are widely present on the contact surface, which locally enhance the electric
field (see Figure 2.9a). This concentrates the current density to smaller surface ar-
eas, which increases the ohmic heating locally, and thus creates the conditions for a
re-strike.

Je

contact

vacuum
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b)

Je Je

c)

Figure 2.9: Examples of mechanisms that enhance the electric field at the contact surface,
and amplify the field emission by: a) microprotrusions, b) micro particles moving across
the contact surface and c) transfer of kinetic energy to charge release from the impact of
charged micro particles on the contact.

Each time that a protrusion melts due to Joule heating, surface tensions of the
liquid metal smooths this protrusion out, thereby improving the contact’s dielectric
property. Because of the great number of microscopic protrusions on new contacts, a
vcb initially starts with a lower breakdown voltage, which increases to an asymptotic
maximum value after a series of re-ignitions, because with each breakdown, one
or more protrusions are removed. Manufacturers make use of this principle, and
increase a vcb’s breakdown strength by applying an ac low-current arc for some
time to new vcb’s. This technique is known as surface conditioning.

The re-strike is not only enhanced by irregularities on the contact’s surface, but
also by microscopic particles in the vacuum [26, 27]. Although manufacturers spend
much effort on cleaning the interior of a vcb, the presence of these particles is
inevitable. They originate, for example, from protrusions on the contact surface,
which are drawn from it under the influence of an electric field, but they can also
be left-overs from a vacuum arc, which are not properly fused to the contacts or the
shield after the arc’s extinction.

There are several ways how a micro particle can contribute to a re-strike. For
example, when in the vicinity of a contact, it enhances the electric field as indicated in
Figure 2.9b, which may lead to a similar current-density concentration as described
earlier for a surface irregularity. Another way is that the incident electron current
on the particle increases its temperature, and eventually vaporises it, causing an
improved scenario for a re-strike.

If a particle is charged, it accelerates in the electric field and collides with a
contact. The transfer of kinetic energy can cause the release of vapour, or even
charge. With the surface deformation from the impact, new protrusions are formed
that enhance the electric field (see Figure 2.9c). All these mechanisms contribute to
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a higher probability for a re-strike.
Field emission of electrons, the release of vapour and charge and other processes

are enhanced when the temperature of the contacts increases. After current zero,
the residual charge and vapour decays within microseconds and milliseconds, respec-
tively, but cooling of the contacts takes a considerable longer time. Especially in the
case that an anode spot has been active during arcing, a pool of liquid metal on the
(former) anode is likely to remain present for a considerable time after current zero,
and it thereby enhances the conditions for a dielectric re-strike.

2.5.2 Reignition

A thermal reignition occurs when a vcb fails in the period immediately following
current zero. This term is originally used for gas circuit breakers, where the prob-
ability of having a breakdown depends on the balance between forced cooling and
Joule heating of the residual charge in the hot gas between the contacts. This pro-
cess differs strongly from thermal reignition in vacuum, where charge and vapour
densities are much lower than in gas breakers.

As described before, immediately after current zero, the gap contains charge
and vapour from the arc, and the contacts are still hot, and can also have pools of
hot liquid metal on their surface. It takes several microseconds for the charge to
remove (by diffusion and by the post-arc current), but it takes several milliseconds
for the vapour to diffuse, and the pools to cool down [25, 28]. When a failure occurs
when vapour is still present, but charge has already decayed, this is called dielectric
reignition. With the increased contact temperature, the conditions for a failure of
the type as described in Section 2.5.1 are improved, but the increased pressure might
also cause another process, called Townsend breakdown [29, 30, 31].

When an electron, accelerated in the electric field, hits a neutral vapour particle
with sufficient momentum, it knocks out an electron from the neutral. This pro-
cess reduces the kinetic energy of the first electron, but from here, both electrons
accelerate in the electric field, hit other neutral particles and cause an avalanche of
electrons in the gap, which eventually causes reignition.

This process of charge multiplication enhances when the probability of an elec-
tron hitting a vapour particle increases. This can be achieved by either increasing
the vapour pressure, or by increasing the gap length. Both methods reduce the
reignition voltage, but at some point, electrons collide with particles before reaching
the appropriate ionisation energy. As a result, after reaching a minimum value, the
reignition voltage eventually rises with increasing vapour pressure or gap length.
Figure 2.10 depicts the relation between the vapour pressure and the breakdown
voltage at constant gap length. Such a graph is called a Paschen Curve.

The Townsend breakdown theory is based on a stationary vapour, in which the
electric field is more or less equally distributed. This differs strongly with the situ-
ation between vcb contacts immediately after current zero. Here, the charge distri-
bution is definitely not equal, and in some regions of the gap, ions still have a con-
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Figure 2.10: Illustration of the Paschen curve for an arbitrary gas at a fixed gap length.
I Pressure independent dielectric reignition region, II Townsend reignition region.

siderable drift velocity. This makes the determination whether or not the observed
reignition of the vcb resulted from Townsend breakdown particularly difficult.

In addition to Townsend breakdown, the increased anode temperature improves
the conditions for extracting electrons from it. Moreover, the trv not only extracts
electrons from the anode, it also launches ions towards it, a process which further
increases the anode’s temperature [32]. This might eventually lead to a failure that
is similar to dielectric re-strike, but since it occurs during the post-arc current, it is
still called thermal reignition.





Chapter 3

Laboratory measurement and

testing

3.1 Introduction

In an electrical test of vacuum circuit breakers, the post-arc current is the most
informative component of the measurement. However, accurately measuring the
post-arc current in vacuum circuit breakers requires special measuring techniques.
The measuring equipment has to measure the small values of currents and voltages
in the current-zero period, while coping with the high arcing current and the high
recovery voltage. Besides the need for a wide dynamical range, the measuring equip-
ment also has to be shielded from effects that disturb the results, such as the strong
magnetic fields that occur during the high-current phase [33, 34].

This chapter describes the techniques that were used to accurately recover the
electrical processes of the vacuum arc near current zero. Appropriate application of
equipment reduced most of the disturbing influences, but the inevitable distortion
from stray components nearest to the breaker is reduced with special software.

3.2 Test circuits

3.2.1 kema short-line fault test circuit

A short-circuit that occurs on an overhead line some distance from the breaker
terminals (see Figure 3.1), causes electromagnetic waves to travel between the fault
and the terminals. This results in a particularly steep rise of the Transient Recovery
Voltage (trv) across the breaker, immediately following current zero. As a result, the
(cooling) medium between the breaker’s contact experiences an increased amount of
strain. In fact, the Short Line Fault (slf) is considered to be one of the most severe
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fault for breakers to interrupt, and therefore, analysing the breaker’s arc quenching
behaviour under slf conditions is favourable.
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Xsupply
CB Xline
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−

Figure 3.1: Typical short-line fault situation.

As the name already suggests, the length of the line in an slf determines the
magnitude of the short-circuit current. It affects the type of interruption in several
ways [35, 36]. First, the line inductance Lline increases with increasing line length.
As a result, longer lines reduce the short-circuit current, since it depends linearly
on the inductance, and hence, the breaker’s extinguishing medium experiences less
strain from it (see Figure 3.2). The line length is normally expressed as a percentage,
which indicates the reduction of the short-circuit current, compared to when a line is
absent. For example, a 90% slf indicates that the line reduces the maximum short-
circuit current with 10 percent. The percentage of short-line fault can therefore
easily be calculated with

SLF percentage =
Xsupply

Xsupply + Xline
, (3.1)

where Xsupply and Xline are the impedances of the supply and the line, respectively
(see Figure 3.1).

length line 1 < length line 2

uL = Lline1
di
dt

i

0

a) line 1

uL = Lline2
di
dt

i
0

b) line 2

Figure 3.2: The effect of the line length on the short-circuit current and the line-trv.

The line length also influences the behaviour of the travelling waves. It takes
more time for electromagnetic waves to travel on a long line than on a short one,
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thereby boosting the initial trv to higher levels and thus increasing the strain on
the breaker. On the other hand, longer lines reduce the short-circuit current, and
hence, the breaker experiences less strain during the arcing period.

These opposite working effects implicate that breakers experience a maximum
strain for a specific line length. The short-circuit current on an extremely long line
would be close to zero, whereas the line trv would be absent in the case of zero
line length. It has been analysed that for SF6 circuit breakers, the critical line
length is around 93 percent, while for air blast breakers, this is between 75 and
85 percent. The critical line length for vcb’s has not been determined yet, possibly
because so far, the ability of breakers to break an slf is only tested on breakers with
voltage ratings of 52 kV and above [37]. In 2006, the iec agreed upon Amendment 2
to standard iec 62271-100 [38], which states that breakers with voltage ratings of
15.5 kV and above should also be subjected to slf tests.

At the source side of the breaker, which is the circuit on the left side of the circuit
breaker in Figure 3.2, the trapped magnetic energy in the source circuit’s inductance
generates an additional component of the trv. Although this component has a lower
frequency than the lowest harmonic of the line trv, its amplitude can reach twice
the system’s peak voltage. Figure 3.3 shows the simulation of an slf trv across the
breaker.

Source trv

trv across the breaker

Line trv

t →

Figure 3.3: trv resulting from the difference between the line-trv and the source-side
trv.

It is not practical to use a real overhead line for short-circuit test purposes, be-
cause this entails rather voluminous and expensive equipment. For this reason, test
facilities, such as kema’s High Power Laboratory, use artificial lines as an alterna-
tive, constructed with lumped elements.

Figure 3.4 depicts a simplified version of the SLF simulation circuit used by
kema [39, 40]. An elaborate version of it is described in [36]. The inductance L%
reduces the short-circuit current, whereas R ensures the desired initial trv slope.
For this purpose, its value is taken equal to the line’s surge impedance (normally 450
Ω). The values for the components C and Lr are such, that the ratio between the
voltage induced by the line (uL, see Figure 3.2), and the first peak of the line trv

remains fixed. The capacitance CdL is an optional component, used to delay the start
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of the line trv with a certain time. Such a delay facilitates the current-interruption,
because it allows the gap to recover before the trv starts to rise.

E

Ls

Cs

TO

+

−

CdL

L%

R

Lr

C1

Figure 3.4: Simplified scheme of kema’s slf simulation circuit.

Figure 3.5 shows the results of experiments with different line lengths on a vcb.
It demonstrates the influence of the trv on the post-arc current. Chapter 4 further
discusses these results.
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Figure 3.5: Results from three different measurements, performed under the same condi-
tions (same arcing time and current, and same rate of rise of recovery voltage), but with
different line parameters. 1: L% = 105 µH, 2: L% = 225 µH and 3: L% = 453 µH [40].

3.2.2 Synthetic test circuit

The simulation of a short-circuit involves currents of several tens of kilo amperes,
and voltages of several tens of kilo volts. Most laboratories do not have a generator
capable of generating these currents and voltages, but because the high current and
the high voltage appear separately, the short-circuit interruption simulation is often
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performed in a synthetic circuit [41]. Such a circuit consists of two separate circuits,
one that generates the short-circuit current, and another that supplies the trv.

Parallel current-injection circuit

There are different types of synthetic circuits, and Figure 3.6 depicts the simplified
parallel current-injection, or Weil-Dobke circuit that was used for this research in
the High Current Laboratory at the Eindhoven University of Technology [42].

Cmain

MB

Lmain
AB

High current supply

TO

CTRV

RTRV

Linj SG

Cinj

Current injection

Figure 3.6: Synthetic test circuit used at the Eindhoven University of Technology.

Before the start of an interruption test, the Test Object (to) and the Auxil-
iary Breaker (ab) are both closed, while the Master Breaker (mb) is open, and the
capacitor banks Cmain and Cinj are charged to a pre-determined voltage level. Op-
erating the breakers and the spark-gap in the appropriate sequence results in the
reproduction of one half loop of short-circuit current. If the to opens its contacts,
it interrupts the short-circuit current at current zero, and the circuit immediately
generates a trv across it. Figure 3.7 shows the order of the described events.

The ab separates the current injection circuit from the voltage-injection circuit.
It is usually the same type of breaker as the to, and hence it can also re-ignite.
However, it is more likely that the to re-ignites earlier than the ab, because the
current zero in the ab takes place a few moments before the trv starts to rise. This
gives the ab a better opportunity to recover from the arc than the to, and this
practically eliminates the risk that the ab fails.

For a correct simulation, the time derivative of the current di/dt through the to

at current zero should be equal to the situation in a real short-circuit in the system.
This is arranged by presetting the values of the components Linj and Cinj , and the
charge voltage of Cinj . Furthermore, Linj and the trv components (in this case
CTRV and RTRV ), determine the shape of the trv (see Figure 3.6).

Appendix A describes the Eindhoven circuit in more detail. It has been de-
signed to generate short-circuit currents of approximately 50 Hz. The purpose of
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MB closes

TO opens

AB opens

SG triggers

iinj

uarc

imain

TRV

Figure 3.7: Sequence of events that invoke the simulation of a short-circuit current in-
terruption with the Weil-Dobke circuit. The displayed currents and voltages apply to the
to.

the transformer in this circuit is twofold. It increases the short-circuit current at its
secondary side, and it serves as the inductance for the LC resonance circuit. With
the fixed, and known value for the transformer inductance, which is considered to
be short-circuited at its secondary side, the capacitor bank has been designed such
that the LC circuit meets the required resonance frequency of about 50 Hz [43]. The
theoretical peak value of short-circuit current is 100 kA, but in practice, it does not
exceed 50 kA, because the circuit has losses, and also the non-zero impedance at the
transformer’s secondary side plays a role.

The current-injection circuit is designed to generate a short-circuit current with
a frequency of about 500 Hz. With its frequency ten times higher than the main
current’s frequency, the injection current’s peak value has to be only one tenth that
of the main current’s peak value to obtain the correct di/dt at current zero. When
properly tuned, the spark-gap triggers the voltage-injection current 0.5 ms before
the main current reaches zero, and the current from the voltage-injection circuit
continues to flow until it reaches its own current zero, which is 0.5 ms after the main
current has been interrupted. This process reverses the voltage across Cinj , which
allows the generation of a negative trv immediately after current zero.

Following the to’s current zero, the breaker quickly changes from a nearly perfect
conductor to a nearly perfect isolator. During this transition, Cinj releases its energy
across the trv branch. The value of CTRV is several orders of magnitude smaller
than the value of Cinj , and therefore, the shape of the trv is mainly determined
by Linj and the components of the trv branch. In the Eindhoven circuit, Linj is
constructed with three reactors, specially designed for use in a test laboratory (see
Figure A.4. Each coil has a number of windings, each of which can carry a current of
up to 500 A. The total current capacity can be increased by connecting the coils in
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parallel, whereas its total inductance is increased by connecting the coils in series. A
combination of this results in the desired current capacity and inductance. In spite
of the relative ease with which the value Linj can be changed, the trv parameters
were in general only altered with CTRV and RTRV , to maintain the short-circuit
current’s time-derivative requirements at current zero. Figure 3.8 shows the results
of three different measurements, performed with different trv’s. Chapter 4 discusses
the results.
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Figure 3.8: Results of three different measurements, performed under the same conditions
(same arcing time and current), but with different trv parameters. 1: CTRV =250 pF, 2:
CTRV =2 nF and 3: CTRV =20 nF.

The Weil-Dobke synthetic circuit is a reliable short-circuit interruption simulator, in
that the strain on the ab is such that it hardly ever fails, and that the trv always
starts to rise at the desired instant after current zero. However, the shape of the
short-circuit current generated by the Eindhoven circuit differs slightly from a real
short-circuit, and as a result, the similarity with a real situation is quite arguable.
Moreover, experiments with this circuit show that it is quite difficult to force a
reignition in a vcb. The main short-circuit current’s shape differs from an ideal
sine-wave as a result of several of effects. First, its oscillation is damped by the
inherent resistance of the circuit’s components and conductors. The arc voltages of
the to and the ab further contribute to the deformation of the short-circuit current.
The effect of the arc voltage on the current is observed most clearly in the time-
derivative of the current, because this is approximately given by (see Figure 3.6)

dimain

dt
≈ L−1

main (umain − uarc) . (3.2)
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The maximum voltage at the secondary side of the transformer is approximately
600 V. Although the voltage of vacuum arcs is relatively low (typically 20 V at
low currents, and moderately increasing with increasing current), it is a significant
fraction of the maximum source voltage. For lower short-circuit currents, the effect
of the arc voltage on the current is even more severe, since the source voltage reduces,
while the arcing voltage remains practically constant. Figure 3.9 demonstrates this.

t →

TO opens

AB opens

current-zero

1

2

Figure 3.9: The main current’s derivative of two different measurements. A low short-
circuit current (trace 1) suffers more from the arcing voltages of to and ab than a high
short-circuit current (trace 2). One of the consequences is that trace 1 reaches current zero
earlier than trace 2.

It has been experimentally determined that as a result the earlier mentioned
effects, the current slope di/dt deviates between 25% lower, to 15% higher than the
value that would have been expected from the measured arc’s peak current. The
damping effect that the circuit’s inherent resistance imposes on the oscillating short-
circuit current causes the di/dt to be smaller at current zero, whereas the effects from
the arc voltages increase its value. As a result, lower short-circuit currents tend to
have a higher di/dt at current zero, because here the arc voltage effect dominates
(see Figure 3.9), but higher short-circuit currents have a lower di/dt. Figure 3.10
demonstrates this.

Since the latter effect has a pronounced influence on measurements with a rel-
ative small short-circuit current (see Figure 3.9), di/dt at current zero for these
measurements is generally higher than it should be.

Although the current section has its limitations, the maximum short-circuit current
that it generates lies well above the rated short-circuit current of the to’s used in
this research. The highest rated short-circuit current of these breakers was 25 kArms

(35 kApeak).

The limitations of the voltage section proved to be more problematic, because
the capacitors used for Cinj could only be charged to a maximum voltage of 15 kV.
According to iec standard 62271-100, with a supply voltage of 15 kV, this circuit
is capable for performing Terminal Fault tests on breakers with voltage ratings of
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Figure 3.10: The current slope at current zero plotted against the peak arcing current.
The dots are measured data and the solid line follows the theoretical values for 50 Hz
short-circuit currents.

17.3 kV and higher. Such a rating is not used in power systems, but most of the test
objects used in this project had a voltage rating of 24 kV. As a consequence, the
Eindhoven current-injection circuit lacks the required voltage for properly testing
these breakers.

Section 2.5 explained that the dielectric strength of a vcb increases rapidly after
current zero, so apart from increasing the injection voltage, increasing the Rate
of Rise of Recovery Voltage (rrrv) might also force reignition. However, like the
injection voltage, the rrrv in the Eindhoven circuit was bound to an upper limit as
well. Theoretically, the voltage across the to could jump from 0 to 15 kV instantly
when the trv components are removed from the circuit (see Figure 3.6). However,
a stray capacitance is always present, and experimental research revealed that the
stray capacitance in the Eindhoven circuit is as low as 250 pF, whereas the stray
capacitance from the to alone is usually between 20 and 40 pF. The maximum rrrv

measured in our circuit is 14 kV/µs, which is very high; for a 24 kV breaker intended
for use in a line system, the rrrv required by the iec in a 100% terminal fault is
1.05 kV/µs. Figure 3.11 demonstrates the difference.

The circuit suffers not only from stray capacitances, but also from inevitable stray
inductances. Despite the low values of these inductances (several µH), their presence
is well visible in the measurements. For example, the first excursion of the trv in
Figure 3.12 reveals an slf-type signal superimposed on it, which results from the
presence of both stray capacitances and stray inductances. Although this parasitic
signal increases the rrrv, it proves to be neither an advantage nor a disadvantage
for the measurements, because either its peak value was too low to be significant, or
it disappears due to the post-arc conductance of the to.

The kind of problems with stray capacitances and inductances is inherent to this
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Figure 3.11: Solid line: the steepest trv generated in the Eindhoven circuit, dashed lines:
iec trv requirements for a 24 kV breaker
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Figure 3.12: Parasitic components cause a high-frequency oscillation at the start of the
trv.

type of circuit. The voltage injection circuit has to be able to manage a lot of energy,
because it has to deliver part of the arcing current, and a high voltage after current
zero. As a result, the components are quite bulky, and consequently, they entail
large stray components.
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Parallel voltage-injection circuit

The components used for the voltage injection section of Eindhoven’s parallel current-
injection circuit are designed to operate at a maximum voltage of 15 kV, which is
generally too low for re-igniting the to’s. Increasing the trv of this circuit implies
replacing the entire voltage injection section with components that are capable of
managing higher voltages. However, such components should also be able to man-
age a high current, which makes them large and expensive. An alternative way of
achieving a short-circuit current simulation with a high trv is by using a parallel
voltage-injection circuit.

The basic difference of this circuit with the parallel current-injection circuit is
that the voltage injection circuit is triggered after current zero. Hence, this section
does not contribute to the arcing current, which means that the energy required
for this section has become only a fraction of the former circuit. As a result, the
physical size as well as the values of their components can be reduced. This not
only facilitates the use of components with higher voltage ratings, but it also greatly
increases the rrrv, because the stray components of the more compact circuit are
much smaller. Figure 3.13 depicts the simplified parallel-voltage circuit used in this
research, Appendix B describes the circuit built in Eindhoven in more detail.

Cmain

MB

-

+

Lmain

AB1 Ca1

AB2 Ca2

TO CTO

Rinj

Cinj

RHV SG

CHV

-

+

Figure 3.13: The parallel voltage injection circuit used in this research.

Instead of using an inductor Linj for generating an oscillating trv, this circuit
uses a resistor Rinj of approximately 100 kΩ. The reason for this is that if the to

re-strikes, the current through the to would be too low for a stable arc, and it would
immediately interrupt again, allowing a new trv to form instantly. In that way, it
might be possible to observe the breaker’s recovery curve such as the simulation in
Figure 3.14 [44].
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MB closes

TO opens

AB1 and AB2 open

uarc

imain

TRV

Figure 3.14: Simulated result from the voltage injection circuit. The arc recovery of the
to after current zero is assumed to increase linearly with time.

The current involved with the generation of the trv in this circuit is too low for
the spark-gap to operate well, and may lead to erroneous test results. To solve this
problem, an additional low-impedance RC network has been added to the circuit,
which is connected immediately ’behind’ the spark-gap. As a result, a high current
flows through the spark-gap after triggering it, which quickly charges capacitor Cinj .
The voltage of this capacitor is then used to charge CTO at a much slower rate.
Because the charge from CHV distributes across CHV , Cinj and CTO during the
test (the latter being all the additional capacitors surrounding the to in the circuit
as well), the voltage across the to will be lower than the charging voltage of CHV .
To minimise the loss of voltage, the values for the capacitors are chosen such that

CHV ≫ Cinj ≫ CTO (3.3)

A drawback of this circuit compared to the parallel current-injection circuit, is
that this circuit requires a much more accurate triggering of the trv. Triggering the
trv section in the parallel current-injection circuit resulted first in an arcing current,
and it automatically generated a trv after current zero. Therefore, a delay of several
microseconds in the triggering of the trv section was acceptable. Contrary to this,
if the spark-gap triggers too early in this circuit, the trv section loses charge in the
to’s arc, thereby lowering, or even eliminating the trv after current zero, whereas
if it triggers too late, the to might have already recovered from its arc.

Another drawback is that the ab in this circuit experiences more strain, since
both the to and the ab extinguish the arc (nearly) at the same time. Hence, the
trv strains the ab at the same time as the to, but with opposite polarity. To
reduce the possibility that the ab re-ignites sooner than the to, the ab consists
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of two breakers connected in series. Grading capacitances equally distribute the
trv across the breakers, but unfortunately, they reduce the rrrv as well, which
complicates the choice for their value.

Connecting the abs in series to reduce the probability that one of them re-ignites
adds also in an additional arcing voltage to the secondary side of the transformer,
which further reduces the arcing current due to the effect described earlier (see
Figure 3.9). However, this is a rather small disadvantage compared to the risk of
re-igniting an ab.

As in the Current-Injection circuit, the di/dt at current zero in this circuit is
also about 15% lower than its theoretical value. However, contrary to the Current-
Injection circuit, this circuit lacks the means to compensate for this.

Basically, the components Rinj and CTO, and the charging voltage of CHV de-
termine the rrrv. This circuit has been specifically developed to generate a high
rrrv, because this would increase the probability of re-igniting the to in a test.
To accomplish this, both Rinj and CTO should be low, while the charging voltage
should be high. CTO has a fixed value, determined by the stray capacitances at the
to, which implies that the only way to influence the rrrv is by altering Rinj , or the
CHV charging voltage. The grading capacitances used to distribute the trv across
the ab’s seriously increase the CTO, thereby reducing the rrrv. As a result, by the
time the trv reaches a value at which the to might re-ignite, a large part of the
arc’s residue has disappeared, which makes the experiment less interesting.

The maximum voltage that this circuit can manage is 50 kV, and CTO is fixed,
hence the only way to further increase the rrrv is by lowering Rinj . This component
was kept high for the reason that if the to re-ignites, its current will be too low to
maintain a stable vacuum arc, so that it will immediately interrupt again to allow the
formation of a new trv. This new trv enables the construction of a voltage recovery
curve, such as in Figure 3.14. However, because a steep rrrv has a higher priority
in this research than the correct shape of the voltage recovery voltage, Rinj has been
reduced to 1 kΩ. With a maximum charging voltage of 50 kV, the maximum current
through the to in the case of a reignition will be 50 A. This current is just enough
for a vacuum arc to remain stable for several milliseconds, and to fully discharge the
capacitors in the trv section, thereby eliminating the possibility to form a new trv

after a new current-interruption by the to.
These two processes are clearly depicted in Figure 3.15, which shows a measured

reignition with a small Rinj , and one with a high Rinj .
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Figure 3.15: Reignitions measured in the voltage-injection circuit with Rinj equal to
a) 1 kΩ and b) 100 kΩ.

3.3 Current and voltage measurements

3.3.1 Current measurement with a Rogowski coil

This analysis focusses on observing the electrical signals of the fast short-circuit
current interruption processes in a vacuum circuit breaker. Therefore, the current-
measuring device should at least meet the following requirements:

1. It should produce a strong signal near the current-interruption;
2. It should be capable of managing high short-circuit currents;
3. It should have a large bandwidth to follow the fast processes during current-

interruption;
4. It should suppress the distortion from ground-loop interference and electric and

magnetic fields, which are particularly strong in short-circuit experiments.

One way of measuring currents is by connecting a low Ohmic shunt in series with
the to, and measuring the voltage across it, which is proportional to the current.
However, for this research, a shunt fails to meet practically all of the requirements
above. First, its signal near current zero is weak, compared with its signal near the
maximum current. Second, despite its low impedance, it dissipates a large amount of
energy from the short-circuit current. A device that is capable of managing such high
currents is naturally quite voluminous. Using such a current-measuring device is not
only impractical, but its inherent large stray components make it also undesirable.
Finally, since it is electrically connected to the testing circuit, it takes some effort
to reduce the interference from ground-loops.

Compared to a shunt, a Rogowski coil is much more advantageous for mea-
suring the short-circuit current interruption. Such a coil is wrapped around the
current-carrying conductor, and actually measures the time-derivative of the cur-
rent. The short-circuit current is sine-shaped, and hence it changes slowly at its
maximum value, but changes rapidly near current zero. Hence the coil’s signal is
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strong near current zero and weak near the high current phase, thereby satisfying
the first requirement. The Rogowski coil is not part of the test circuit, and hence,
its construction can be small, which automatically fulfils the second and third re-
quirements. The absence of a connection between the coil and the circuit further
implies a separation from the ground loop, which almost eliminates ground loop
interference.

The drawback of using a Rogowski coil is that its signal has to be processed
(which includes a time-integration) to retrieve the current, and that the absolute
value of the current is unknown. Nevertheless, this is a small disadvantage com-
pared to its advantages mentioned above, and therefore, all current measurements
carried out in this research were performed with a Rogowski coil. Special software
reconstructs the current numerically. Section 3.4 elaborates on this reconstruction.
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Figure 3.16: a) Simplified current measuring circuit with the M coil, b) the output e of
the Rogowski coil in the case of an ideal current interruption.

The Rogowski coil is based on a mutual inductance between the coil and a test
circuit’s conductor, through which the current flows that is analysed [45, 46]. kema

developed its own Rogowski coil (the M-coil) for specific use in short-circuit current-
zero tests. Its mutual inductance is 0.34 µH to get output voltages between 1 and
10 V with current slopes of 10-50 A/µs. When connected to a measuring device with
a 50 Ω cable, its electrical circuit can be represented as Figure 3.16a. This circuit
clarifies the relation between the current i and the coil’s output voltage e, which is
given by
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M
dim
dt

= T
de

dt
+ e, (3.4)

where T is L/R. That means that in the case of an ideal interruption at current
zero, instead of dropping to zero instantly, the voltage of the M-coil decays to zero
with time constant T (see Figure 3.16b). It also implies that for low frequencies,
the M-coil acts as a differentiator, while for high frequencies it acts as a current
transformer with ration 1 : n, where n is the number of secondary turns. The time
constant T of kema’s M-coil is 440 ns.

Figure 3.17: Left: the kema Rogowski coil as it is used in the measurements, right: the
Rogowski coil outside its shielding box.

Generally, a Rogowski coil has a small cross-section, a large number of turns
and a large diameter, measuring the flux variation relatively far from the inducing
primary conductor. In contrast, kema’s M-coil has a large rectangular cross-section,
a small diameter and a relatively small number of secondary turns (see Figure 3.17).
This coil is placed in a shielding box to eliminate interference by capacitive coupling
with the circuit. Such a system has a number of undesirable resonant frequencies
above 10 MHz, due to the stray capacitance of the coil. This distortion is suppressed
by placing damping resistors parallel to sections of the windings (see Figure 3.18).

Figure 3.19 shows the M-coil voltage signal of a short-circuit test on a vcb with
the parallel current-injection circuit of Figure A.1.

Figure 3.18: Arrangement of the damping resistors for suppressing resonant frequencies
in kema’s M-coil.
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Figure 3.19: kema’s M-coil voltage signal of a short-circuit test, performed in a parallel
current-injection circuit. a) the complete test, b) the signal zoomed in to current zero.

3.3.2 Voltage measurement

A single channel voltage measurement makes it difficult to measure both the trv and
the arc voltage at the same time at a high resolution. When, for example, a recorder
measures a trv with a peak value of 15 kV at 12 bits resolution, and a dynamic
range of ±20 kV, the smallest voltage step is about 10 V. This is too inaccurate
for measuring the vacuum arc voltage in the same measurement, and therefore, two
voltage measurements are performed at the same time, but with a different dynamic
range.

While the current measurement suffers from a stray capacitive current, the volt-
age measurement suffers from a stray inductive voltage. This effect is particularly
prominent in the region of interest, i.e. the current-zero region, since here, the time
change of the current and voltage is largest. Like the stray capacitive component
in the current measurement, numerical processing reduces the inductive component
from the voltage measurement. However, the software does not remove distortion
from a ground loop, and due to its electrical connection with the test circuit, the
voltage measuring system is more vulnerable to this kind of distortion than the cur-
rent measuring system. As a result, reducing ground loop interference in the voltage
measuring system requires more attention than in the current measuring system.

Eventually, the voltage signal is also used to suppress the stray-capacitance dis-
tortion in the current signal. This requires the time-derivative of the voltage, but by
time-deriving a measured signal, its inherent high-frequency thermal noise becomes
more pronounced. It is possible to filter this distortion out of the signal numerically,
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but it is more convenient to measure the signal with a high signal-to-noise ratio
straight away.

To summarise, the requirements for the voltage measuring system are:

1. The signal-to-noise ratio should be high;
2. The voltage should be measured at two different resolutions;
3. It should adequately suppress ground loop interference.

The trv reaches values that are too high for most recording devices, and therefore,
the voltage probes attenuate the voltage first. In this research, high-Ohmic voltage
probes, with 100 MΩ impedance and a bandwidth of up to 100 MHz measure the
voltage at a ratio 1:1000. Details of the probes used in this research are listed in
Table 3.1.

Table 3.1: Voltage probe details

Circuit Rating Manufacturer Series Figure

Current-Injection 20 kV PMK PHV 4002 3.20 left
Voltage-Injection 40 kV Northstart PMV-1 3.20 right

Figure 3.20: Left: the PMK voltage probe, right: the Northstar voltage probe.

The low-voltage (high resolution) part of the test requires also a high voltage
probe, since it also has to cope with the high trv. This introduces a practical lower
limit to the RMS value of the noise level of a test. The typical RMS noise level
on a probe lead is about 0.1 mV. Multiplied by the attenuation factor, this value
becomes 0.1 V, and hence, measuring the low voltage signal at a higher resolution
than 0.1 V is useless.

One way of reducing the interference from the ground loop is by measuring the
voltage across the to with two probes, connected to a differential amplifier, as de-
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picted in Figure 3.21. In this way, the electrical path from the test-circuit to the
recording device is high Ohmic, thus obstructing the current flowing between the
test circuit and the measuring circuit. Moreover, closely tied co-axial probe leads
experience approximately the same amount of induced voltage on their outer con-
ductor, and when the differential amplifier works properly, it automatically removes
this common-mode voltage from its output [34].
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999R

P2

uCM+ -
uP1 − uCM

uP2 − uCM

+

- +

-

uP1 − uP2

= u/1000

Figure 3.21: Voltage measuring with a differential amplifier. The voltage probes are
shown as voltage dividers. uCM = common-mode voltage.

A better way of eliminating ground loop interference is by using special battery-
operated buffers (Front Ends) that transform the electrical signal into an optical
signal, see Figure 3.22. The optical wire ensures electrical isolation between the
voltage probe and the recording device. Moreover, if the optical transmitter first
digitises the signal, its transmission is essentially noise free. Compared to the voltage
divider system described before, the Front End system has the additional advantage
that the signal can be transmitted over a long distance, without loosing bandwidth,
or adding noise.

The earlier version of Front Ends, used in this research, which were developed by
kema, first store the signal at a high sampling frequency, and transmit it digitally
afterwards at a slower transmission rate. This method made it easier to develop
the optical transmitter-receiver system, but it also puts a limit to the maximum
recording time, which is then determined by the Front End’s memory.

Another type of Front End used in this reseach transmitted an analogue optical
signal by using an FM carrier wave. This system transmits the signal directly, and
as a result does not have a recording time limit. However, analogue signals are more
sensitive to picking up noise, and this system’s signal to noise ratio was about 60 dB.
The noise level on the trv from this signal severely distorts the current trace, when
the current was compensated for the stray capacitive component.
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Figure 3.22: Voltage measuring with a Front End system.

Compared to the voltage divider system, the Front End system is more compli-
cated, and hence more expensive. Moreover, when using two Front Ends to measure
the voltage at two different scales, each Front End requires its own (also expensive)
voltage probe. This is because of a safety measure for the Front End’s vulnerable
electronics, which drops the input impedance as soon as the input voltage exceeds
the pre-set voltage range. When a single high-Ohmic voltage probe is connected to
two Front End systems that measure at different scales, the reduced input impedance
of one Front End also disturbs the signal at the other Front End.

Figure 3.23 shows the results of the high resolution voltage measurements, per-
formed with the different systems. These signals have not been numerically com-
pensated for the voltage from the stray inductance.

3.3.3 Data acquisition with transient recorders

The Rogowski coil and the voltage measuring systems, described in the previous
sections, measure the (time derivative of the) current, the arcing voltage and the
trv with high quality. A transient recorder records, digitises and transmits these
signals to a personal computer for processing. To maintain the quality of the signals,
such a transient recorder should

1. record the signals at a high sampling frequency;
2. record the signals at a high resolution;
3. record at least three signals (the arcing voltage, the trv and the current);
4. record a minimum time-window;
5. transform the signals into digital formats, suitable for

processing them on a pc.
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Figure 3.23: The arcing voltage (left) and the time-derivative of the trv (right) acquired
with different measuring systems. a) data from the kema Front End system, b) data from
the analogue optical Front End system, c) Data from the differential amplifier system and
d) data from the digital optical Front End system.
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Some of these requirements are already met by Front Ends (described in Sec-
tion 3.3.2), in which case the task of a transient recorder is limited to collecting
the data, and transferring it to the pc.

During the course of this research, two different principles of transient recording
systems have been used, which are schematically represented in Figure 3.24. The
first system used the configuration of Figure 3.24a, and has been developed by kema.
Its Front Ends are already described in Section 3.3.2. The amount of memory in the
Front End of this system determines the maximum time-window of one recording,
which is not the case in the second system (Figure 3.24b). Here, the transient
recorder receives analogue voltage signals, which gives the option of using a Front
End - Control Unit system to transmit the signals, or connecting the probe directly
to the recorder. Transferring analogue signals over a long distance decreases the
signal’s bandwidth, and makes it more receptive to noise, hence the signal to noise
ratio of the second system is a little worse than that of the kema system.

a)

∼ A
F.E.

D
Recorder

D
to PC

b)

∼ A
F.E.

A
C.U.

A

∼ A
Recorder

to PC
D

Figure 3.24: Schematic representation of the transient recording systems. A = analogue
signal, D = digital signal and C.U. = Control Unit. The black and grey lines are electrical
and optical signals, respectively.

The recorder used in the configuration of Figure 3.24b was initially an LDS-
Nicolet Sigma oscilloscope, which was later replaced by an LDS-Nicolet Genesis
transient recorder. This transient recorder consists of a main-frame which supports
one or more receiver cards. Initially, a four-channel receiver card was used with
electrical (analogue) channels, which was later replaced with a receiver card, holding
four optical (digital) channels. This significantly improved the signal to noise ratio,
as can be seen in Figure 3.23. However, it seems not to suppress noise as well as the
kema system, but the reason for this is the increased sampling frequency. Because
the latest transient recorder system measures at a higher sampling frequency than
the kema system, it measures at a larger bandwidth, and as a result, it also measures
a larger noise bandwidth

Table 3.2 summarises the properties of the used transient recorder systems.
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Table 3.2: Performance of the transient recording systems.
1The maximum recording time is limited by the amount of free memory on the pc.

KEMA Sigma Genesis A Genesis D

Manufacturer kema lds lds lds

Genesis GenesisSigma
Transient TransientSystem czm Oscilloscope
Recorder Recorder

Channels (#) 3 8 4 4

Resolution

(bits/% of scale)
12/0.02 12/0.02 14/0.006 14/0.006

Sampling rate
(MS/s)

40 100 100 100

Max. recording
time (ms)

6.5 10 ∞ ∞

Input signal Optical Electrical Electrical Optical

3.4 Numerically processing the data

The measured data must be processed in order to find the actual arc voltage and
arc current. It is not only necessary to integrate the Rogowski-coil’s output in order
to determine the current, but it is also necessary to take into account the non-ideal
differentiating behaviour of the device. Additionally, the disturbance from the stray
capacitance and inductance, represented in Figure 3.25, should be removed from the
signals.

Figure 3.25 shows that the arc voltage and the arc current can be derived from
the measured traces by means of the following equations

u = um − Lp
dim
dt

(3.5)

i = im − Cp
du

dt
= im − Cp

dum

dt
+ LpCp

d2im
dt2

(3.6)

Special software numerically processes the measured data. It recovers the arc voltage
and arc current in the following successive steps.

Determining the approximate value of the voltage-zero instant

As explained in Section 3.3.1, the current-measuring device used in this research is
unable to measure the absolute value of the current. It is assumed that the arc has
a resistive nature, and as a result, the voltage and the current should be zero at the
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Figure 3.25: A circuit that incorporates the presence of stray components in the test
set-up. Em and Um are the measured quantities.

same time. Hence, the absolute value of the current can be determined by searching
for the zero in the voltage signal.

The voltage of a vacuum arc is only several tens of volts and even decreases as the
current approaches zero. As a result, the voltage across a stray inductance Lm can
distort the measured arc voltage quite easily. For instance, if the stray inductance is
1 µH and the current slope di/dt is 10 A/µs, the induced voltage that is measured
becomes Lm

di
dt = 10 V. This has ultimately a disturbing effect on the determination

of the exact voltage-zero instant, which is therefore only an approximation.

Trace smoothing

Equations (3.5) and (3.6) imply that the determination of u and i also require
the time-derivative of the measured signals. As can be seen in Figure 3.23, the
derivative can contain a strong level of high-frequency noise, which would eventually
also distort the recovered signals. The software reduces this noise numerically by
applying a low-pass filter to the measured traces.

Frequency correction

The kema system uses Front Ends that digitise the signals at a sampling frequency
of 40 MS/s. Since they all generate their own sampling frequency, a small difference
in their clock frequency is inevitable. However, a small difference in their sampling
frequency might cause a significant time-shift error. For example, if the current zero
is at 1.5 ms after the start of the recording, and the frequency difference between
the signals of two Front Ends is only 500 Hz (which is a realistic value), while they
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sample at a rate of 40 MS/s, the time difference between the signals at current
zero is almost one sample (25 ns). To overcome this error, the software artificially
synchronises the sampling frequencies of the signals by first linearly interpolating
the original signal, and sampling the result with the new sampling frequency (see
Fig. 3.26).

Determination of the difference between the sampling frequencies of the Front
Ends happens before each test series, by connecting a high-frequency pulse generator
simultaneously to all the Front Ends. The resulting signals should match each other.

b
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m

Figure 3.26: Re-sampling of trace Um for synchronising it with trace Em. U ′

m is the
result. The difference between the sampling frequencies of Em and Um in this simulated
example have been greatly exaggerated to demonstrate the process.

Computing integration constant ds

When taking into account the inherent offset ds of a Front End that adds to the
Rogowski-coil’s signal e, Equation (3.4) becomes

M
dim
dt

= e + T
de

dt
− ds, (3.7)

and hence, the current is found by time-integrating Equation (3.7) as

im(t) = M−1

[∫ t

t1

e(τ)dτ + T (e(t) − e(t1)) + im(t1) − (t − t1)ds

]
, (3.8)

where t1 is the start of the measurement’s time-frame. The offset ds can only be
found automatically if a voltage zero has been detected. Using an average value of
ds, e.g. obtained from an offset measurement, is not appropriate, because even the
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slightest error leads eventually to a large error in the current-measurement. More-
over, the noise on the e-trace is also numerically integrated, which gives unreliable
results at large time-windows. Therefore, the current is only accurate for small time
windows of several µs.

The software assumes that 5 µs after current zero, the post-arc current has
decayed to zero, and that the current remains zero afterwards. With the instant of
current zero (voltage zero) determined earlier, the software computes ds by taking
the average of the e samples between 5 and 10 µs after current zero. Like the
voltage-zero instant, ds can also be determined manually if the computer was for
some reason unable to determine it by itself.

Computing dim/dt

Equations (3.5) and (3.6) imply that solving i and u requires their time-derivatives
in order to eliminate the influence of the stray components. Although the Rogowski-
coil has already measured the time-derivative of the current, from Equation (3.7) it
follows that e should also be differentiated to obtain dim/dt.

For the numerical differentiation, the software makes use of the 5-point differen-
tiation method [47, 48]. If dy/dtk is the k-th element of the derivative of vector yk,
then dy/dtk is calculated by

dy

dtk
=

yk−2 − 8yk−1 + 8yk+1 − yk+2

12
. (3.9)

Computing u(t)

As already explained in Section 3.3.2, two channels measure the voltage at different
resolution to obtain the highest possible accuracy. Each short-circuit test starts
with a (relatively) low voltage, i.e. the arcing voltage, followed by a high trv. The
software searches for the point at which the signal that measures the arc voltage
starts to clip, and replaces the remainder of this trace with the signal that measured
the trv.

After that, subtracting LpdIm/dt from this result finally leads to u(t).

Computing t0 = 0 at Voltage Zero

The newly obtained voltage signal allows a better estimation of its zero crossing.
t0 = 0 is therefore updated before continuing the recovery of the signals.

Computing im(t1) and i(t)
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The only missing component for the current trace is its integration constant im(t1)
from Equation (3.8). Solving this equation without the integration constant auto-
matically gives this value at time t = 0. Finally, the software recovers i by differenti-
ating the earlier obtained u(t), to make the subtraction of Cpdu/dt in Equation (3.6)
possible.

Iteration to determine Voltage Zero accurately

The program started with determining the voltage-zero of the voltage, that has not
been compensated for the stray inductance component initially. As a result, the
actual arc’s voltage-zero might be different than the one determined here, and this
error continues to disrupt the results in the following steps.

To reach an improved result, the program derives the voltage-zero again from the
voltage acquired in the course of the evaluation, and uses this value to evaluate the
whole scheme again. It repeats this iterative process until it reaches a pre-defined
accuracy.

Manual verification

Although the software recovers the arc’s current and voltage to a high level of accu-
racy already, the results require manual verification to improve it even further. For
instance, the software assumes that the current is zero from 5 µs after current zero
and later. This assumption is used for determining the value of ds. The post-arc
current in vacuum circuit breakers can easily last longer than those 5 µs, which leads
to an error in the results, which can only be corrected by manually supplying the
value for ds.

Moreover, the Rogowski coil suffers from an effect that has not been taken into
account yet, but also distorts the results. This effect works as follows. A metal
shielding box protects the Rogowski coil from picking up stray magnetic fields. This
box contains small cuts to limit the eddy currents, but nevertheless, the eddy cur-
rents impose a small additional (decaying) stray magnetic field on the Rogowski coil
after current zero. This results in an error such as in Figure 3.27a. The solution to
these problems is to manually determine the integration constant ds, and to analyse
the current at small time-windows.

The current offset determination sometimes requires manual intervention as well.
One aspect of current interruption in vacuum is that near current zero, the voltage
changes slowly, and sometimes remains below the noise level for some time, which
makes determination of the voltage-zero particularly difficult. In that case, the offset
can also be determined by searching for the instant in time at which the post-arc
current becomes zero, but this is impossible if the breaker re-ignites during a post-arc
current, such as in Figure 3.27b. The best way to determine the current’s offset in
such a case is by comparing it with an equivalent measurement in which the post-arc
current did reach zero.
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The final example that demonstrates the need for careful interpretation of the
results also relates to the determination of the current-offset. If the settings are such,
that the Rogowski coil’s output clips, i.e. becomes larger than the measuring range,
a significant fraction of the signal is integrated incorrectly, which eventually leads
to an offset-error. Figure 3.27c shows a measurement performed with the parallel-
voltage injection circuit (see Section 3.2.2), in which the spark gap triggered about
30 µs after current zero. This introduced high frequency, high amplitude signals
on the e trace, and as a result it clipped, which eventually resulted in the correct
recovery of the current signal, but one that has a different offset after the spark-gap
trigger event.

3.5 Conclusions

This chapter described the acquisition of the voltage and current traces of short-
circuit interruption with vcb’s. It started with describing the test circuits in which
the to’s were subjected to a short-circuit current, followed by a trv after current-
interruption. The tests were performed at different laboratories in the Netherlands,
i.e. kema in Arnhem, a laboratory with enough short-circuit power to perform
direct tests, and Eindhoven University of Technology, which has less short-circuit
power. The latter laboratory uses synthetic test circuits to simulate a short-circuit
current interruption, in which different circuits generate the high current part and
the high voltage part. For cost and time reasons, the Eindhoven laboratory has been
used most frequently for this research.

Special equipment measured the current and voltage traces in the to’s during a
test with high accuracy. Measuring the low values of currents and voltages around
current zero, while also coping with the high currents and high voltages at other
instants of the test required special effort for shielding and isolating the measuring
devices.

Transient recording systems collected and sampled the voltage and current traces,
and transmitted them in digitised format to a personal computer. A program that
has specifically been developed for this purpose, recovers the current and voltage
of the vacuum arc from the measured signals, which are manually verified and, if
necessary, corrected.

Measuring the current and voltage traces of the vacuum arc during current-
interruption requires many steps. Analysing this would require probes inside the
to’s. This, however, is impossible without destroying the vacuum. Instead, probes
measure the current and voltage of the entire breaker, from which intelligent software
deduces the vacuum arc’s electrical properties. In the end, as a result of the careful
design of the measuring system, it gives the arc’s electrical properties with high
accuracy.
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Figure 3.27: Common problems with the recovery of the current. a) Integration of
noise on the e-trace leads to an accumulating error in the current, b) the low voltage
near current zero makes it difficult to determine the current’s offset and c) clipping of the
e-trace, approximately 30 µs after current zero results in different current offsets in one
measurement.





Chapter 4

Post-arc current research

4.1 Introduction

The measured results are analysed for relationships between the post-arc properties,
such as the peak post-arc current, and the test settings, such as the peak short-
circuit current and the arcing time. Such analysis has been performed extensively
in the past, as mentioned in Section 2.4. The general conclusion is that the post-arc
current depends not only on the test settings, but also on uncontrollable aspects,
such as the final position of the last cathode spot. As a result, the peak value of
the post-arc current of one test can be twice as large as the result obtained in the
previous test, even though both tests were performed under the same conditions. To
still be able to observe a relationship between the arc and the post-arc conditions,
a large number of tests should be performed under equal test settings, as has been
done in this research.

The data obtained in this work resulted from measurements on one of the three
test objects listed in Table 4.1. All breakers had contacts consisting of 75% Cu
and 25% Cr, and had amf type contacts (see Section 2.3.2). The breakers are
commercially available, and their maximum contact separation (stroke), as well as
their opening velocity, is determined by their driving mechanism and cannot be
adjusted. The average value for the maximum gap length and the opening velocity
are 10 mm and 1 m/s, respectively. In this research, the gap length of a given
measurement at current zero is determined by multiplying the arcing time with the
average opening velocity, i.e. we assume that the opening velocity is constant. This
approximation agrees well with the results obtained from direct measurements of
the gap length.

Table 4.2 lists the details of the test series that are used for analysis. In addition
to this table, the following list summarises the intention of each test series, and the
item numbers correspond with test series numbers:

53



54 POST-ARC CURRENT RESEARCH

Table 4.1: The types of circuit breaker used in this research.
1This refers to the way in which the amf is generated.

# Short-circuit Voltage Contact
current rating configuration1

rating
[kA] [kV]

A1 20 24 Horse-shoe
A2 25 24 Horse-shoe
B 20 12 Coil

1. slf tests according to iec requirements [37];
2. Post-arc current investigation with a wide range of arcing times, and short

circuit currents that exceeded the breaker’s rated current;
3. Current interruption capability tests in an slf circuit, where high currents and

long arcing times were used;
4. Same as in 3, but performed in a Weil-Dobke circuit;
5. Research on the relation between the rate of rise of recovery voltage (rrrv)

and the post-arc current;
6. Same as in 3, but this time with more variation in the short-circuit current;
7. Reignition analysis.

This chapter starts with the analysis on various aspects of the measured post-arc
current, and their relationship with the arcing conditions in Section 4.2. Section
4.3 compares the post-arc current properties with each other. One striking phe-
nomenon that needs a detailed description is that the voltage remains nearly zero in
the first tens of nanoseconds after current commutation. Section 4.4 gives a quali-
tative explanation for this event, and Section 4.5 summarises the conclusions of this
chapter.

4.2 The arcing properties compared with post-arc

properties

The post-arc current is the result of a residue from the vacuum arc. As such, it
should contain information about the impact of the arc on the vcb, for example to
what amount local melting of the anode occurred during the high-current phase. In
that case, it should be possible to analyse the breaker without having to actually
destroy it to look inside. Since we were not able to measure physical processes inside
the breaker, such as the vapour pressure or the anode temperature, this section
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Table 4.2: The properties of the test series discussed in this research.
1Number of current-zero measurements obtained in the particular test series.

2The rate of decay of the short-circuit current at current zero. For tests in the Weil-Dobke

system, these values do not always correlate to Îarc, because of the non-correlating settings for
the main and the injection current (see also Section 3.2.2).

3The rate of rise of the inherent recovery voltage.
4A number of tests in this series was performed with an asymmetric short-circuit current (see

Section 3.2.1).
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circuit #1 Îarc tarc di/dt2 du/dt3

# [kA] [ms] [A/µs] [kV/µs]

1 B kema slf 24 21.6 − 27.4 0.2 − 10.0 6.7 − 10.0 3.3 − 5.6

2 A1 Weil-Dobke 77 36 − 50 1.5 − 9.6 7.4 − 9.6 7.5 − 14.0

34 A1 kema slf 45 13.5 − 34 1.3 − 10.7 5.1 − 12.1 4.5

4 A1 Weil-Dobke 60 22.2 − 41.8 4.9 − 9.7 9.5 11.0

5 A2 Weil-Dobke 32 9.4 − 46.5 6.0 − 9.7 8.0 − 15.0 3.5 − 12.5

6 A1 kema slf 21 16 − 40 1.8 − 10 5.1 − 12.2 2.7 − 7.4

7 B Voltage-
Injection

128 5 − 45 1.2 − 8.8 1.0 − 11.0 32.0

8 B Voltage-
Injection

100 5 − 45 1.0 − 10.0 1.0 − 10.0 30.0

searches only for relationships between electrical arcing and externally measurable
parameters.

Other researchers have analysed the post-arc current extensively in the past, but
found very little relationship between the arcing conditions and post-arc current,
as has already been described in Section 2.4. The measurements performed in this
research confirm this experience. Compare, for example, the two post-arc currents in
Figure 4.1, which were taken from Test Series 3. The arcing time and short-circuit
current of these tests were practically equal, but nevertheless, one measurement
shows a post-arc current that is nearly twice as large as the other. In addition,
Figure 4.2 shows the cumulative distribution of the post-arc current’s peak value îpa

after a series of tests with equal arcing time and short-circuit current. The scattered
results demonstrate how stochastically these parameters behave.

Noting the above difficulties, the analysis is from here onwards conducted on
large numbers of tests simultaneously. This should provide us with reliable informa-
tion for our analysis. For this purpose, one aspect of the post-arc current is chosen
as characteristic parameter for one specific test (for example its peak value, or its
value at a given time after current zero). When a large enough number of tests is
performed, such a characteristic parameter might eventually evolve into a distribu-
tion with a clear trend. This trend can then be compared with arcing conditions to
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Figure 4.1: The post-arc currents obtained in two identical tests.
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Figure 4.2: Cumulative distribution of the post-arc current’s peak value after identical
test conditions. The divergence in the results are probably from the last cathode spot’s
final position.
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search for relationships.
In the ideal situation, the influence of one arcing condition on the post-arc current

can be analysed by adjusting one test setting, while keeping all the other settings
fixed. However, the control unit that controls the opening, closing and triggering
of both the breakers and the spark gap in the synthetic test circuit, as well as the
relays controlling the drivers of the breakers, introduced an unavoidable scatter with
a standard deviation of about 0.7 ms in the arcing time. In a similar way, the short-
circuit current also shows scatter of up to 10 % of its adjusted value. This makes
the proposed research method quite difficult. To overcome these problems, after
obtaining a series of tests, the tests with nearly equal arcing times were gathered to
research the influence of the short-circuit current, and vice versa.

Figure 4.3 demonstrates the influence of the short-circuit current on the peak
value of the post-arc current. These test results are from Test Series 5, where the
arcing time and the rate of rise of recovery voltage are fixed at 8 ms and 12 kV/µs,
respectively. This result is similar to those presented in [18, 49], and it clearly shows
a (linear) relation.
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Figure 4.3: Post-arc current’s peak value versus the short-circuit current’s peak value.
The data is from Test Series 5

Although the data in Figure 4.3 is insufficient for drawing explicit conclusions,
extrapolation of the trend towards Îarc = 0 seems to result in a non-zero value
for Îpa. An explanation for this might be that these results are obtained with the
double synthetic current-injection circuit, which has a fixed current slope di/dt at
current zero that is independent of the main current. It is likely that the conditions
just prior to current zero (such as di/dt) have significant influence on the post-arc
current conditions, which is indeed confirmed in the literature [50].

The next aspect of research concerns the influence of the arcing time tarc on
the post-arc current’s peak value. Changing the arcing time has two effects on the
breaker’s arcing conditions. First, it changes the time for which the arc strains the
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contacts, and second, due to the contact opening velocity of about 1 m/s, the arcing
time changes the inter-electrode volume at current zero. With the type of tests used
for this research, where the short-circuit current is not constant in time but changes
sinusoidally, it is especially difficult to distinguish between the influence of those two
effects separately on the post-arc current.

Despite these obstacles, a trend should be visible in the relation between the
arcing time and the post-arc current peak. Both the longer arcing strain and the
increased contact distance increase the residual charge at current zero, because an
arc that lasts longer produces more charge, and a larger gap can contain more of
it. Figure 4.4a depicts an example of such a relationship, and it shows indeed a
trend, though clouded with scatter. These results are from Test Series 2, with an
Îarc between 36 and 38 kA.
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Figure 4.4: a) post-arc current’s peak value versus the arcing time and b) the post-arc
current’s charge versus the arcing time. The data is from Test Series 2.

When the load increases in strength (a higher short-circuit current), the anode
surface melts and leaves a vaporising pool of liquid contact material behind after
current zero. As soon as this happens, the post-arc current’s peak value suddenly
increases much faster, as is demonstrated in Figure 4.5.

Another way of characterising the relationship between arcing and post-arc con-
ditions is by time-integrating the post-arc current. The result of this operation is a
charge that reflects the amount of charge that was present at current zero. More-
over, this method blends both the post-arc current’s peak value and the duration
into a single figure, thus possibly reducing the amount of data required to analyse.
Figure 4.4b depicts such a relationship. It shows the post-arc charge Qpa of the
same measurements as used in Figure 4.4a, compared with tarc. The relationship in
Figure 4.4b is hardly better than that of Figure 4.4a.

So far, only the post-arc current has been analysed. Before continuing the search for
trends, the following researches the time change of the post-arc conductance, which
involves the trv.
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Figure 4.5: The same relationship as in Figure 4.4, but now including the results from
tests with a particularly high short-circuit current.

The fact that a post-arc current flows after current zero implies that the breaker
conducts during this time. That means that the breaker interacts with the circuit,
and that the post-arc current has an influence on the shape of the trv, as Figure 4.6
indeed clearly demonstrates. This figure shows details of two successive current ze-
ros, measured in an asymmetrical test of Test Series 3. The breaker re-ignited shortly
after the first current zero, which followed a major current-loop (see Section 3.2.1),
but it cleared on the second, after a minor current-loop. The polarity of the cur-
rent and voltage in Figure 4.6 has been manually altered to make the comparison
between the results in this figure easier. It is clear that the high post-arc current
in Figure 4.6b alters the trv. It also shows that a large post-arc current delays the
trv, and that its derivative is smaller than in the case of a small post-arc current.
Whether or not this is beneficial for current interruption is discussed in Chapter 5.

Figure 4.7 shows the breaker’s post-arc conductance in time. Due to its fast
transition over a large dynamic range, this conductance is plotted on a logarithmic
scale. Before current zero, both tests show an equal decaying arc conductance, but
soon after current zero, the conductance drops several orders of magnitude within
microseconds, which explicitly demonstrates the breaker’s fast transition from a good
conductor to a good isolator.

Trace 1 in Figure 4.7 shows an oscillation in its decay towards zero. This indi-
cates that G is not a pre-determined exponentially decaying function, but instead it
depends on the trv as well. In fact, it depends on the time change of the trv as
becomes clear below.

As soon as the trv starts to rise, the electric field in front of the post-arc cathode
repels electrons and attracts ions, as described in Section 2.4, and illustrated in Fig-
ure 2.6. Although the opposite is to be expected in front of the post-arc anode, this
effect is negligible within the time-frame of the post-arc current processes, because
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Series 3.
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their inertia makes ions much slower than electrons (their masses differ about five
orders of magnitude). As a result of the electron movement, a positively charged ion
sheath builds up in front of the post-arc cathode. The time change of the electric
field inside this sheath gives a displacement current, and hence, the sheath can be
considered as a capacitance.

This mechanism also implies that the post-arc current, and hence its conduc-
tance, decays more rapidly when the rate of rise of the recovery voltage (rrrv) is
higher, because then the depletion of electrons in the inter-electrode gap goes faster.
Figure 4.8 supports this assumption. It shows the result of three measurements from
Test Series 5, and it contains the same data as in Figure 3.8. In all three measure-
ments, the short-circuit current was 53 kApeak, and the arcing time was 8.5 ms. As
predicted, the highest post-arc current in Figure 4.8 (Trace 1) ceases first, whereas
the lowest post-arc current (Trace 3) ceases last.
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Figure 4.8: a) Post-arc current and b) post-arc conductance of three measurements
from Test Series 5. Trace 1: rrrv=15 kV/µs, Trace 2: rrrv=6 kV/µs and Trace 3:
rrrv=4 kV/µs.

As in Figure 4.7, Figure 4.8 shows again that the arc’s conduction (before current
zero) is the same in all three measurements, but it also shows striking similarities in
the first 1.5 µs after current zero. This indicates that until this instant, the influence
of the trv on the post-arc conductance is weak. In fact, the post-arc conductance
seems to be predetermined until a certain time after current zero. If this is true, it
makes the analysis of measurements with different trv’s possible, not only when this
difference is caused by a different electrical circuit, but also when there is interaction
between the circuit and the post-arc current, such as in Figure 4.6.

As the conductance seems to depend weakly on the electrical post-arc activities,
this might be a more suitable signal for researching trends than the post-arc current’s
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peak value. The following analysis uses Gt for a test to indicate its conductance at
t µs after current zero. In most of the tests, G0.5 is the instant at which the trv has
just started to rise, and its influence on the conductance is low. Moreover, since the
trv is normally several hundreds of Volts at this instant, and the post-arc current
reaches its maximum value, the calculated conductance (which is ipa/trv) is less
sensitive to noise from the voltage signal.

Figure 4.9 compares the peak short-circuit current with G0.5 from tests from
Test Series 5, the same as those used for Figure 4.3. Again, this relationship does
not indicate an explicit function between the arcing and post-arc conditions. Gt

rises gently with rising Îarc, but extrapolating the trend towards Îarc = 0 yields a
non-zero value for Gt. A possible explanation for this is equivalent to the conclusion
for Figure 4.3, i.e. the tests were obtained in a synthetic circuit, of which di/dt at
current zero is independent from the main short-circuit current. However, another
explanation involves the non-linearity of Gt. More on this is described in Section 4.3.
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Figure 4.9: The post-arc conductance at 0.5 µs after current zero versus the peak short-
circuit current. The data is from Test Series 5.

Most of the measurements in this research were performed with a fixed, high
short-circuit current, whereas the arcing time was varied, with the intention to search
for the breaker’s interruption limit. As a result, this research lacks sufficient data for
drawing reliable conclusions from graphs like Figures 4.3 and 4.9. Substantially more
data was obtained from the tests with different arcing time and a fixed short-circuit
current, and therefore, the research continues with analysing the post-arc conditions
in relation to tarc.
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Figure 4.10 shows a significant improvement of the relationship between post-arc con-
ditions and arcing conditions. The relationship between Gt and tarc, Figure 4.10b,
shows a much more distinctive trend than the relationship between îpa and tarc,

Figure 4.10a. The data in this figure is from Test Series 1, with Îarc fixed at 20 kA.
Figure 4.11 shows the same relationships as 4.10, but these results are from Test

Series 2. This figure shows improvement in the trend between arcing and post-arc
conditions as well, however, it is less spectacular than the improvement shown in
Figure 4.10.
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Figure 4.10: a) The post-arc current’s peak value and b) the post-arc’s conductance 0.5 µs
after current zero, plotted against the arcing time. The data is from Test Series 1.
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Figure 4.11: a) The post-arc current’s peak value and b) the post-arc’s conductance 0.5 µs
after current zero, plotted against the arcing time. The data is from Test Series 2.

Since it takes time for the arc to expand in the inter-electrode gap, the amount
of plasma that is distributed across the gap at current zero increases with increas-
ing arcing time. Moreover, when the arc lasts longer (longer tarc), it can produce
more charge. These processes increase the conductivity, as Figures 4.10 and 4.11
demonstrate.

However, the post-arc research should not only be focussed at the post-arc con-
ductance. The sheath growth that results in the post-arc current, as described in
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Section 2.4, implies that the breaker’s post-arc electrical behaviour is capacitive as
well. Analysis of the post-arc capacitance requires the determination of the trv’s
time-derivative, which is a problem when the trv has been measured with a low
signal to noise ratio. For example, the equipment that measured the signals in Fig-
ure 3.23b is unsuitable for such research. Test Series 1 and 2 have been recorded
by the equipment that measured the signals in Figure 3.23a. This figure shows a
smooth dtrv/dt, and therefore, these series are suitable in this case.

Figure 4.12 shows C0.5, which is the post-arc capacitance at 0.5 µs after current
zero (calculated with ipa/(dtrv/dt)), plotted against the arcing time. Only Test
Series 2 (Figure 4.12b) shows an improvement in the arc - post-arc relation compared
to other research performed on this series, whereas Figure 4.12a shows more scatter
in its trend, compared to, e.g. Figure 4.10a. Note that these results have been
obtained from data from which the influence of the physical capacitance of the
breaker has been numerically removed with the process described in Section 3.4.
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Figure 4.12: The post-arc capacitance at 0.5 µs after current zero versus the arcing time.
a) Data from Test Series 1, b) data from Test Series 2.

So far, the to’s post-arc properties have been compared at a fixed time after
current zero, but it is also interesting to observe the instant in which a specific
parameter value has been reached. This is, for example, the instant when the post-
arc current ceases, or when the post-arc conductance drops below a given value.

Figure 4.13 shows the time at which the post-arc conductance drops below
0.1 mΩ−1 (denoted as t0.1), plotted against the arcing time. Again, the relationship
seems to be quite explicit, however, both graphs show a more complicated relation-
ship compared to Gt versus tarc. This relationship follows an increasing linear trend,
but seems to cross the t0.1 axis at a non-zero point. In fact, this relationship is not
linear at all due to the non-linear time behaviour of the post-arc conductance, as
becomes clear in the following section.

Figures 4.10b and 4.11b, as well as Figures 4.12a and b and Figures 4.13a and b
show equal analysis performed on different breakers. Such analysis would be suitable
for analysing the different performance of breakers. For example, Figure 4.13 shows
that breaker B clears the post-arc current sooner than breaker A1. By intuition, this
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Figure 4.13: The time at which the post-arc conductance drops below 0.1 mΩ−1 versus
the arcing time. a) Data from Test Series 1, b) data from Test Series 2.

leads to the conclusion that breaker B performs better than breaker A1, because it
seems to recover from the arc more quickly. However, these results are obtained
from completely different test circuits, and Table 4.2 shows that in the mentioned
example, A1 has been subjected to much higher currents and rrrvs. The following
section and Chapter 5 elaborate further on the difficulty of comparing the different
test series.

4.3 Post-arc properties compared with each other

So far, the analysis has focussed on finding a relationship between arcing and post-arc
conditions. It showed that Gt holds the most distinctive relationship with tarc, but
it still contains a significant scatter. The analysis with Ct also leads to good results,
but this requires a particularly low level of noise on the measured trv, which is not
always accomplished. The following analysis aims at finding relationships between
the different aspects in the post-arc phase only (e.g. Gt and Qpa).

Figure 4.8 in Section 4.2 shows that in equivalent tests, the electrical post-arc
events are equal in the first few microseconds after current zero. Equivalent tests in
this context imply that the conditions inside the breaker are equal, i.e. not only the
distance between the contacts, but also the plasma properties, the temperature of
the contacts and other properties. The weak relationship between arcing and post-
arc conditions, as observed in Section 4.2 indicates that such similar tests cannot be
reproduced intentionally by presetting the arcing time and the short-circuit current,
but they can only be discovered after a series of tests.

By simply looking at the shape of the post-arc-current in different tests, and by
illustrating the plasma’s behaviour after current zero, it can indeed be expected that
the electrical behaviour acts in a pre-determined way. In the absence of a trv (in
other words, in the absence of a post-arc current), the charged particles between the
contacts diffuse out of the inter-electrode gap, into the vacuum and they recombine
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either with each other, or at the walls of the vacuum chamber. The trv accelerates
the rate of charge decay, since it attracts charge to the contacts. As a result, the
rate of charge decay can be partly controlled by adjusting the trv, as Figure 4.14
demonstrates.
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Figure 4.14: a) the trv and b) the cumulative post-arc charge of three measurements
from Test Series 5. These are the same results as those used in Figure 4.8

Figure 4.14b shows the time integrated post-arc current traces of Figure 4.8a.
This figure shows that a higher rrrv attracts more charge from the inter-electrode
gap before it recombines, hence the charge collected by the circuit reaches a higher
value than it does in the case of a lower rrrv. Moreover, since the inter-electrode
charge at current zero is limited, a high rrrv depletes the gap from charge earlier
than a low rrrv. Figure 4.14 exhibits both effects.

The charge in Figure 4.14 reflects the amount of collected electrons, but not the
amount of collected ions. Section 2.4 explained that as soon as the trv starts to rise,
a space charge sheath develops in front of the cathode. Consequently, the current
through the cathode consists of an ion current and a displacement current, resulting
from the time-change of the electric field inside this sheath. The plasma in front of
the anode remains practically neutral during the post-arc current, therefore, only
electrons carry the current through it. Since the circuit requires that the current
through the cathode is equal to the current flowing through the anode, the ion
current should be smaller than the electron current, since

ie = ii + Cs
du

dt
, (4.1)

where ie and ii are the electron and ion current, respectively, and Cs is the sheath’s
capacitance.
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If the breaker’s conductance after current zero is small, little charge can flow
through the breaker, whereas the opposite is true for a high post-arc conductance.
As a result, the post-arc charge is proportional to the post-arc conductance, which
the results in Figure 4.15 clearly demonstrate. Although the results in this figure
are from measurement with different arcing times, they closely follow a distinctive
trend.

Figure 4.14 already showed that the amount of collected charge increases with an
increasing rrrv, whereas Figure 4.8 showed that Gt in the first microsecond after
current zero remains unaffected by it. As a result, the coefficient of Gt versus Qpa

also depends on the rrrv, as is demonstrated in Figure 4.16.
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Figure 4.15: The conductance at 0.5 µs after current zero versus the post-arc charge. a)
Data from Test Series 1and b) data from Test Series 4.
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Despite the non-linear behaviour of the post-arc conductance, the trends in Fig-
ures 4.15 and 4.16 are remarkably straight and coherent. This is quite different when
the time at which the conductance becomes less than 0.1 mΩ−1 is compared with
Qpa (see Figure 4.17). These trends are also straight, but they suggest that when
Qpa approaches zero, the conductance still requires some time to decay. However, if
the breaker conducts, it carries a current, which is contradictory to the observation
that the total amount of charge is zero.
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Figure 4.17: The time at which the post-arc conductance drops below 0.1 mΩ−1 versus
the post-arc charge. a) Data from Test Series 1, b) data from Test Series 4.

In fact, the trends in Figure 4.17 do not follow a straight line, but they obey a
function that does cross zero. This is clarified with a simplified approximation to
the conductance, given in Appendix C, together with a simplified approximation to
the trv, described in the same appendix. Despite the simplicity of this model, its
results match the measured data quite well, as Figure 4.18 demonstrates.

These results are of course particularly useful for the development of a post-arc
model in Chapter 6.

4.4 Voltage-zero period during current commuta-

tion

The post-arc conductance measured in, e.g. Figures 4.7 and 4.8, frequently shows
a peak immediately after current zero before decreasing towards zero. The real
conductance during this peak is difficult to determine from this data, since the
voltage in this period has values close to the measuring system’s thermal noise. This
voltage-zero phenomenon has been mentioned earlier in Section 3.4, Figure 3.27b,
where it leads to difficulties in determining the current’s offset in the case of a re-
ignition. It has also been measured before [51], but so far it has never been properly
explained.

Other phenomena of the post-arc current can be explained with the model de-
scribed in Section 2.4, but the voltage-zero in the first phase remains a problem. If



4.4 VOLTAGE-ZERO PERIOD DURING CURRENT COMMUTATION 69

u
u

u

u

u

u

u
u

u
u

u

u
u u u

r
r

r

r

r

rr

0 1 2 3 4 5 6 7 8 9 10
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

t 0
.1

[µ
s]

Qpa [µC]

Figure 4.18: The time at which the post-arc conductance drops below 0.1 mΩ−1 versus
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du/dt = 4 kV/µs. The lines are the result of simulations with the model from Appendix C.

ions and electrons are indeed moving towards the post-arc cathode in this phase, they
leave an empty gap behind between the plasma and the new anode. By definition
of the model, charge sources are absent after current zero, hence no charge leaves
the post-arc anode to fill up this gap. This implies breaking the electrical connec-
tion between the plasma and the anode, and hence, a voltage should rise across this
gap. However, measurements such as the one in Figure 4.19 clearly shows a voltage-
zero phase immediately following current zero. This is why the model should be
complemented with an additional theory.
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Figure 4.19: A typical example of the voltage-zero period.

An explanation for the voltage-zero period is found when the thermal velocity
of the particles is taken into account. In that case, the pressure of electrons and
ions causes the plasma to remain neutral in the voltage-zero phase. The breaker’s
electrical behaviour then resembles that of a double Langmuir probe, the relationship
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of which between the current and voltage is known [52, 53, 54]. This facilitates the
description for the voltage-zero period. For the application of this theory to the
vcb, we start with a series of assumptions, some of which do not immediately apply
to the actual situation.

First, consider the configuration of Figure 4.20. The electrodes are large, and
placed closely together, so we assume that the inter-electrode properties only change
in the direction perpendicular to them. This limits the problem to one dimension.
We assume further that the plasma is stationary and equally distributed along the
gap, and that all particles reaching an electrode are absorbed by it. The electron
temperature is higher than the ion temperature, no collisions take place between
particles in either the plasma or the sheaths and finally, no new plasma is generated.
The process of events following current zero is illustrated in Figure 4.21.
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Figure 4.20: Configuration of the post-arc current model.

At t = 0, both the voltage across the gap and the current through the circuit
are zero. Since their thermal energy is higher and their mass is lower, electrons
have a higher thermal velocity than ions. Because of this, the flux of electrons at an
electrode would be larger than the flux of ions, which would result in an electrical
current. However, since both electrodes experience the same flux in opposite direc-
tion, the current remains zero. An electric field in front of the electrodes repels the
surplus of electrons to ensure that the net charge flux through the contacts remains
zero. This means that there is a potential difference between the plasma and the
electrodes, which is mainly distributed across a small ionic space-charge sheath in
front of the electrodes (see Figure 4.21a).

When the trv starts to rise, the electric field in front of the cathode increases
and repels more electrons. However, due to their temperature, a large amount
of electrons can cross the electric field to reach the cathode. The change of the
flux of charged particles at the contacts makes an electrical current possible, but
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because an abundance of electrons is still present in the cathodic sheath, the gap
is still quasi-neutral, and as a result of its high conductance, the voltage across
the gap remains low (Figure 4.21b). Here, the relationship between the voltage
and the current is mainly determined by the plasma’s conductivity. In the post-arc
current measurements, the voltage in this phase remains below the noise level of the
measuring equipment.

As the trv continues to increase, the electric field in front of the cathode repels
more electrons, until eventually, it becomes too strong for any electron to reach
the cathode. At this point, the current is limited to the flux of ions reaching the
cathode (Figure 4.21c), and an increase in voltage would only lead to an increase
of the cathodic sheath width in front of the cathode, whereas the ion saturation
current remains constant. As a result, the relation between the current and voltage
now resemble a current-source.

The rise of the recovery voltage entails a fast time-change in the electric field
inside the ionic space-charge sheath in front of the cathode. This entails a displace-
ment current, which has to be added to the ion saturation current. Chapter 6 further
elaborates on this, with the aid of a numerical model.

4.5 Conclusions

This chapter analysed the results obtained with the measuring techniques described
in Chapter 3. It analyses the individual measurements, as well as various relation-
ships such as those between the pre-zero parameters and post-arc current properties.
Moreover, it formulates a theory for explaining the observed ’voltage-zero’ period
that immediately follows current zero, which is best observed in measurements with
a high post-arc current. This theory is based on the theory of Langmuir probes,
which incorporates the thermal behaviour of charged particles in a plasma, and
their interaction with a conducting wall.

Although the post-arc current is the most distinctive electrical feature of current
quenching with vacuum circuit breakers, it lacks a prominent relationship with the
arcing conditions. Various mechanisms cause the scatter in this relationship, one of
which is elaborated on in Section 2.4. Despite the large amount of scatter in the
results, the following trends can be observed in the relationship between pre-zero
and post-zero properties:

1. The post-arc current’s peak value îpa is proportional to the arcing time tarc

(Figures 4.3a and 4.4a).
The arcing time has two effects on the post-arc parameters: first, the inter-electrode
space increases with the arcing time, allowing it to contain more charge. Second,
the arc burns longer, and due to the sinusoidal wave-shape of the current, more
intensely at longer arcing time, thereby generating more charge. Both effects result
in a higher post-arc current.
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2. The post-arc charge Qpa is proportional to tarc (Figures 4.3b and 4.4b).
Qpa is the time-integrated post-arc current, and as such, it is proportional to it.
Therefore, the explanation of conclusion 1. applies to this relationship as well.

3. The post-arc current decreases the rate of rise of recovery voltage, the rrrv

(Figure 4.6 and Section 4.4).
Both the nature of a plasma, and the post-arc - circuit interaction cause this ef-
fect. Whether or not this is beneficial for the interruption process is discussed in
Chapter 5.

4. Up to a given time t after current zero, the post-arc conductance G(t) is inde-
pendent of the rrrv (Figure 4.8).
This observation can partly be explained with the theory from Section 4.4, i.e. it is
inherent to the plasma properties, and the post-arc - circuit interaction.

5. The post-arc conductance at a given time t, Gt is proportional to tarc (Fig-
ures 4.10b and 4.11b).
This observation can be explained with Observations 2 and 8.

6. The time at which the post-arc conductance reaches a given value G, tG is
proportional to tarc (Figure 4.13).
This observation can be explained with Observations 2 and 10.

Contrary to the weak relationship between the test settings (arcing conditions)
and the post-arc current, the relationship between various parameters of the post-
arc current itself are quite distinctive. Based on the analysis in this chapter, the
following conclusions can be drawn about the post-arc parameters:

7. Qpa is proportional to the rrrv, and the duration of the post-arc current is
inversely proportional to the rrrv (Figure 4.14).
The primary post-arc charge decay processes are diffusion and recombination. A
high rrrv extracts much charge from the gap, but this process also adds to the
depletion of charge. As such, it reduces the duration of the post-arc current. A low
rrrv extracts less charge from the gap, thereby reducing its decay and allowing the
post-arc current to flow for a longer time. However, in this case, more charge decays
as the result of diffusion and recombination, which results in a lower measured Qpa.

8. Gt is proportional to Qpa (Figure 4.15).
More charge in the inter-electrode space allows more current to flow through it,
which results in a higher conductance.

9. The coefficient in the relationship Gt = f(Qpa) is inversely proportional to the
rrrv (Figure 4.16).
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This is to be expected from earlier Observations 4 and 7, which state that Gt is
independent of the rrrv for small a t, but Qpa is proportional to the rrrv.

10. tG is proportional to Qpa (Figure 4.18).
This means that it takes time to remove charge from the gap.

A number of results presented in this chapter show equal analysis performed on
different breakers. For example, Figure 4.13 shows the relationship between tG and
tarc. From this figure, it is tempting to assume that Test Object B performs better
than Test Object A1, because the first clears the post-arc current earlier. However,
from Table 4.2 and the details of these test series explained in Section 4.1, it is clear
that these breakers have been tested under completely different conditions. This is
also true for the other test series, which makes them unsuitable for comparing and
ranking the test objects.



Chapter 5

Reignition analysis

5.1 Introduction

Section 2.5 summarised the physics on dielectric and thermal reignition in vacuum
known today. This theory resulted from investigation on test objects that were
specially prepared, so that they could observe the breakdown process directly, e.g.
with optical investigation on the inter-electrode region, or with devices that measure
the test object’s internal vapour pressure (or the particle density and energy).

It would greatly benefit this investigation, if such information could be obtained
from electrical signals only, because then it would be possible to investigate commer-
cially available breakers, which are sealed for life, for all relevant characteristics. This
chapter continues the analysis on the measured data from Chapter 4, but focusses
on the reignitions.

Section 5.2 analyses thermal reignitions, which, according to our definition of it
described in Section 2.5, occur during the post-arc current. Section 5.3 analyses the
reignitions that we classify as dielectric. The conclusions from these two sections
are extrapolated to standardised slf tests in Section 5.5, with the aim to validate
the relevance of Amendment 2 of iec standard 62271-100. Section 5.6 summarises
the conclusions from this chapter.

75
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5.2 Thermal reignitions

If a reignition is Townsend-like, i.e. it results from an electron avalanche in a gas,
the breakdown voltage UBD can in principle be determined from the vapour pressure
p between the contacts, and the contact separation d. When UBD is plotted against
pd, it should follow the trace depicted in the second region of Figure 2.10. The
breakdown voltage has been measured directly in this research. The contact separa-
tion is a careful approximation, based on the arcing time, but the vapour pressure is
more difficult to estimate. The following theory describes a way to estimate it from
the measured electrical signals.

All the material in the gap exist primarily from cathode spot activity. Vapour
particles are either generated directly by a cathode spot, or indirectly by vaporisation
from the anode, heated by incident particles from the cathode. If after current zero,
the amount of vapour relates to the amount of charge, then the post-arc charge
Qpa, which is the time-integral of the post-arc current, might be an indicator for the
amount of neutral vapour at current zero. However, it is impossible to determine Qpa

when a reignition takes place during the post-arc current, since the determination
of Qpa requires the entire post-arc current.

Section 4.3 showed that Qpa relates rather linear to Gt, the conductance at t
microseconds after current zero, and that its coefficient changes only due to the trv

settings (see Figures 4.15 and 4.16). In the first microsecond after current zero, the
trv is normally still low, and probably for this reason, the gap hardly ever reignites
during this time. As a result, it is always possible to measure Gt within the first
microsecond, and with the fixed coefficient, it is possible to determine Qpa, even
if the gap reignited during a post-arc current. Therefore, instead of using pd to
investigate its relationship with UBD, the following analysis uses Gtd, where d is
determined by multiplying the arcing time with a contact opening velocity of 1 m/s.

Figure 5.1 shows G0.5d of 30 measurements from Test Series 2 with equal trv set-
tings. It shows a smooth transition from values of G0.5d for which thermal reigni-
tion is rare to values for which thermal reignition occurs more frequently. Beyond
G0.5d ≈ 70 mm·Ω−1 (indicated in Figure 5.1 with the dashed line) the test object
always fails.

If it is true that G0.5 relates to the pressure p, and that the thermal failures in the
measurements of Figure 5.1 are caused by Townsend breakdown, then plotting UBD

against G0.5d should result in a Paschen-like curve. This is done in Figure 5.2a, from
which it is obvious that it does not look like a Paschen curve, nor does the relation
between G0.5d and the time after current zero at which the breakdown happened
show a trend, as Figure 5.2b demonstrates. The latter figure could also be an
indicator for Townsend type breakdown, since the breakdown delay time decreases
with increasing pressure [55].

Based on the observations described above, it is unlikely that the reignitions
occurred as the result of a Townsend mechanism. Moreover, Paschen curves are
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Figure 5.1: The conductivity at 0.5 µs after current zero multiplied by the contact sep-
aration of 30 measurements. The results are ordered in increasing values to facilitate the
search for a breakdown trend.

measured from stationary gasses and steady voltages. This is in great contrast with
the post-arc conditions in a vcb, where the plasma and vapour are non-uniformly
distributed in the gap, and the voltage shows high-frequency oscillations. This
sometimes leads to the odd situation that the breakdown occurs at a voltage that is
lower than just an instant earlier, see for example Figure 5.3.
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The lack of transparency in the observations does not immediately lead to the
conclusion that the breakdown is not Townsend-like. The following analysis tries to
find an answer to the question why Figure 5.1 does not show a threshold for Gtd
below which the breakers always clears, and beyond which the breaker always fails.

First of all, as a consequence of its nature, the vacuum arc erodes the contacts of
the breaker to provide itself with the required material to burn. After many arcing
operations, the progressive erosion of the contact material causes the arc to reach
the material on which the original contact material is mounted. When this happens,
the vacuum conditions drop quite drastically and the breaker’s current quenching
ability suddenly decays. At that moment, the breaker has reached its technical end
of life. This was probably the case for Measurements 83 and 86, which are near the
top of Figure 5.1, in which the breaker failed even though Gtd was relatively low.

On the other hand, Measurement 87 (about halfway up in Figure 5.1) was also
performed near the end of the test series, and it does have an increased G0.5d,
but it cleared nonetheless. The post-arc current of this measurement, shown in
Figure 5.4b shows that it did struggle to hold the voltage, as it has small peaks on
it, which are probably small non-sustained discharges. Measurement 36, depicted
in Figure 5.4c, has an even higher G0.5d, and it shows a more pronounced partial
discharge. This result raises the question whether the reignition failed to complete
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Figure 5.3: A reignition that takes place after the trv reached its peak value. The trv

is 12.5 kV/div and ipa is 25 A/div. Note that the current has an incorrect offset after the
reignition due to clipping of the Rogowski output at the moment of reignition (see also
Figure 3.27c).

due to the properties inside the breaker, or due to the circuit, since the increased
current leads to a drop in the voltage. Figure 5.4c shows Measurement 34, which
has a relatively low G0.5d in Figure 5.1, but it nevertheless shows similar spikes in
the post-arc current. It hardly influences the voltage, hence the non-sustainability
of such spikes results probably from the conditions inside the breaker.

Similar events such as those in Figure 5.4 happened in Measurements 9, 25 and 6,
which are depicted in Figures 5.5a, b and c respectively. According to Figure 5.1,
their G0.5d is in increasing order. Although it has not been observed for spikes, these
measurements show a slowly increasing current in addition to the post-arc current,
which eventually decays back to zero. In Figure 5.5a, this event starts even after
the post-arc current has vanished, which is something that has not been observed
for the spikes.

The breaker performs better when the trv settings are relieved. See for example
Figure 5.6, which compares Measurement 17 from Figure 5.1 with a test from Test
series 3. These tests were performed on the same type of breaker, and it should be
expected that they both perform in the same way. The G0.5d of Measurement 17 is
relatively low compared to the one in Figure 5.6b (38 mm·Ω−1 and 96 mm·Ω−1, re-
spectively), however Measurement 17 reignites, and the measurement in Figure 5.6b
does not. Therefore, the results from Test Series 3 cannot be added to the results
of Figure 5.1.

So far, the analysis discussed the existence of an upper limit for Gtd as an indi-
cator for the breaker’s performance. A lower limit should also be expected, since a
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reignition is more likely to occur at a small contact distance d. This is indeed demon-
strated in Figure 5.7, where G0.5d is plotted on a logarithmic scale to conveniently
display its large dynamic range. These results are from Test Series 6, which were
measured in kema’s slf simulation circuit. Section 4.2 demonstrated that Gt is in
general proportional to the short-circuit current. Contrary to the current-injection
circuit of the Eindhoven laboratory, the trv in this circuit increases proportionally
to the short-circuit current (see Section 3.2.1). As a result, increasing the short-
circuit current in this circuit does not only aggravate the reignition conditions by
increasing Gt, but also by increasing the trv.
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Figure 5.7: The conductance at 0.5 µs after current zero multiplied by the contact sepa-
ration of 30 measurements. The results are from Test Series 6.
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5.3 Dielectric reignitions

The voltage injection circuit described in Section 3.2.2, has been designed with the
aim to generate current and voltage waves as illustrated in Figure 3.14. This circuit
uses a much higher recovery voltage than the current injection circuit, and due
to the nature of its high voltage, it might be possible to measure the theoretical
’warm recovery curve’ (i.e. the increase of the breaker’s breakdown voltage after
arcing) of a vacuum circuit breaker. However, what really has been measured is
shown in Figure 5.8. This figure shows four typical results from this circuit, and it
demonstrates that the results are quite different from the expected results, such as
Figure 3.14.

All the examples in Figure 5.8 (and all the other observed reignitions in Test
Series 7 and 8) show that the breaker holds the recovery voltage for hundreds of
microseconds to several milliseconds after current zero, before it collapses. It is
known from Chapter 4 that the post-arc current decays within microseconds, which
means that the reignitions observed in this circuit took place well outside ’thermal
reignition’ zone, and according to our definition of it, these results show dielectric
breakdown. Section 2.5.1 gives more information on this.

The maximum stationary current that the trv section of the voltage injection
circuit can supply is about 0.4 A (not taking into account possible high-frequency
currents flowing through parasitic capacitances). This current is too small to main-
tain a stable vacuum arc, and as a result, the breaker interrupts any discharge
almost immediately. The first example, Figure 5.8a, shows that after the reignition,
the breaker fully recovers to withstand the (new) trv. Because of this, it is difficult
to say whether or not this discharge might have evolved into a vacuum arc, if the
circuit had been able to sustain one.

Figure 5.8a also shows that after the reignition, the recovery voltage eventually
reaches a lower value than before the reignition due to the loss of charge in capacitor
Cinj . Contrary to this, the trv in Figure 5.8b returns almost to its original value,
despite the many discharges. Figure 5.9 displays the voltage across Cinj of this
particular example, and it shows that at t ≈ 0.8 ms, Cinj suddenly charges to
−40 kV again. This is caused by a breakdown of the triggered spark gap (SG),
which reconnects CHV to the circuit (see Figure B.1). In this way, the system is
able to sustain the discharge in the to much longer.

Figure 5.8c demonstrates that the vcb’s breakdown voltage decreases after each
reignition. The small amount of charge that is released after each breakdown appar-
ently deteriorates the breaker’s withstand voltage. Figure 5.10 shows the breakdown
voltage and the supply voltage of this and three other measurements. In this figure,
the breakdown-voltage-functions have been constructed by drawing straight lines
between the measured breakdown voltages. Figures 5.10a-c illustrate that immedi-
ately after the first reignition, the breakdown voltage drops faster than the voltage
drop of the supply voltage Uinj (which is the voltage across Cinj). However, after
many discharges, the supply voltage eventually drops below the breaker’s breakdown



5.3 DIELECTRIC REIGNITIONS 83

a)

22.2 22.4 22.6 22.8 23.0
−40

−20

0

T
R
V

[k
V

]

t [ms]
b)

.5 1.0 1.5 2.0
−40

−20

0

T
R
V

[k
V

]

t [ms]
c)

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
−40

−20

0

T
R
V

[k
V

]

t [ms]
d)

1.8 2.0 2.2 2.4 2.6 2.8
−40

−30

−20

T
R
V

[k
V

]

t [ms]

Figure 5.8: Examples of breakdown behaviour of vcb’s in the voltage injection circuit.
In all the examples, current zero is at t = 0.
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Figure 5.9: Reignition of the spark gap at t = 0.8 ms recharges capacitor Cinj .

voltage, and the circuit is unable to ignite the breaker any more.
The exponential shape of the breakdown-voltage-functions in Figure 5.10 can

be explained as follows. The first reignition releases charge into the inter-electrode
space of the vcb, which decreases the breakdown voltage. Had the circuit been
able to do it, it might have sustained a new vacuum arc. However, the circuit is
not, and the breaker interrupts the reignition almost immediately after it starts.
Due to the decreased breakdown voltage, the next discharge takes place at a lower
voltage, and as a result, this discharge releases less charge and vapour into the gap
than the previous one. Together with the vapour from the previous reignition, the
breakdown voltage decreases further. Because of the reduced supply voltage, the
trv rises slower after each reignition, which gives the gap more time to recover until
eventually, the breaker stops reigniting at all.

The measurement of Figure 5.10d has been performed only four minutes after
the previous one. Therefore, the breaker did not fully recover from the previous tests
(i.e. the contacts were still hot), which possibly explains the capricious behaviour
of the breakdown voltage function of this test.

The final example that is frequently observed in the tests involves the voltage
behaviour, depicted in Figure 5.8d. Although the voltage shows discharges, the
breaker recovers before the voltage has fully dropped to zero. Figure 5.11 shows the
instant of the first non-sustained breakdown of Figure 5.8d in more detail. The most
likely explanation for this event is that it has been caused by a discharge between
the breaker’s vapour shield and a contact. This involves the transfer of charge from
the shield to the contacts (which leads to a current), and the release of secondary
charge due to the impact of metal particles on the contacts. The limited amount of
conducting material between the contacts of the breaker, and the reduced voltage
across them prevents the breakdown to carry on.
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Figure 5.10: The vcb’s breakdown voltage (UBD) and the supply voltage (Uinj) of four
measurements.
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Figure 5.11: The instant of the first reignition in Figure 5.8d. First, the discharge develops
with a steepness that is equivalent to other discharges, but as soon as the voltage reaches
−35 kV, the breakdown process slows down, until eventually, the breaker recovers.
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5.4 Continuing post-arc current

When the test object in the voltage-injection circuit re-strikes, the high-ohmic re-
sistor Rinj limits the current that flows through it to several tens of ampères. Since
this current is too low for a stable vacuum arc, the breaker interrupts it almost in-
stantly, which leads to the results that have been described in Section 5.3. The high
Ohmic resistor Rinj adds value to the research in another way as well. The current
through it, called iinj , can easily be derived from the voltage across it, which makes
it possible to measure tenths of milli ampères. Part of this current flows through the
stray capacitance near the test object, and through the voltage probe that measures
the trv, but the remaining part flows through the test object. As long as the trv

changes slowly enough in time, the current through the stray capacitance becomes
too small to measure, and iinj then represents only the current through the test
object and the voltage probe.

See, for example, Figure 5.12, which shows the results of two measurements from
Test Series 8. The trv in this test series was set to a maximum of 20 kV, and
the Trace 1 of Figure 5.12 shows what happens to the trv and iinj , in the case
that the test object was subjected to a lower current than its rated value. After its
stabilisation, the trv drops slowly back to zero, because the circuit’s capacitances
lose charge through the high Ohmic voltage probe that measures the trv. This is
also seen in iinj of this trace, which has a non-zero value after current zero.

Trace 2 of this figure is from a measurement with a peak short-circuit current of
32 kA, which is higher than the test object’s rated value (20 kARMS). It shows great
similarity with the results reported in [56]. The breaker’s post-arc conductance does
not allow the trv to reach its maximum value, and it also decays faster than Trace
1 because of this reason (it also shows re-strikes in the first millisecond after current
zero). Although the decay rate of the trv of Trace 2 is faster than that of Trace 1,
the rate is too slow to measure the current through the stray capacitance near the
test object (which has a value of several tens of pF). Therefore, this is an example
in which it is likely that iinj observed here, also flew through the breaker. (Note
that the dynamic range with which the current has been measured in a single test
now exceeds more than seven orders of magnitude, i.e. from tens of kA to tenths
of mA).

The post-arc currents described previously all flew through residual plasma.
Since this plasma decays within microseconds, the post-arc current described in
this section has to result from another principle, which depends on both the high
temperature of the cathode, and the strong electric field.
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Figure 5.12: a) the trv and b) the current iinj of two measurements of Test Series
8. Trace 1 and 2 are measurements with a peak short-circuit current of 11 and 32 kA,
respectively.

5.5 Amendment 2 of the iec standard 62271-100

Since the approval of Amendment 2 of the iec Standard 62271-100 [38], manufactur-
ers are obliged to subject circuit breakers with a voltage rating of 15 kV and above,
and a short-circuit current rating of 12.5 kA to Short-Line Fault (slf) tests if the
breakers are connected to an overhead line. Until then, this type of test was limited
to switchgear with a voltage rating of 52 kV and above. This amendment predomi-
nantly applies to vacuum switchgear, since this is the most widely used switchgear
in the voltage range of 15 kV to 52 kV.

As already described in Section 3.2.1, slf tests are considered to be one of the
most severe tests for gas circuit breakers. This is due to the steep rise of recovery
voltage immediately after current zero, which puts a lot of strain on the cooling gas.
The principle mechanism of vacuum arc extinction differs quite a lot from gas arc
extinction, and this raises the question whether slf tests are just as severe for vcb’s
as for gas circuit breakers.

Three test series in this research have been performed at kema in an slf sim-
ulation circuit (Test Series 1, 3 and 6). The total number of tests in these series is
small, and contain only a limited number of reignitions. Without further elaborating
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on them, it can be concluded that these reignitions happened due to small arcing
times, or excessively large short-circuit currents (including asymmetrical currents).
Therefore, the next analysis focusses only on the tests performed in the synthetic
circuits in Eindhoven.

The main difficulty for breakers to interrupt an slf fault is to cope with the
steep rise of recovery voltage. Although the synthetic circuits (both current-injection
and voltage-injection) were not developed to simulate slfs, their trv steepness did
exceed the requirements for slf trv’s. Figure 5.13 shows the trv requirements for
terminal fault (TF) and slf fault testing for a 20 kA, 24 kV breaker, according to
the iec standard. Also shown in this figure is one trv measured in the current-
injection circuit in which a 20 kA, 24 kV breaker has been researched (Breaker A1
in Test Series 4). Although the generated trv does not reach the required maximum
value (Figure 5.13a), it exceeds it in the first, critical microseconds after current zero
(Figure 5.13b). This makes it plausible to assume that the measurements performed
in this circuit can also be considered as slf tests.
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Figure 5.13: a) Solid line: trv used in Test Series 4. Dashed line: Source side trv

requirements for an slf test on a 24 kV breaker. b) Solid line: same as in a), dashed lines:
Line-side trv requirements according to the iec amendment.

An slf fault is expressed as a percentage, indicating the reduction of the short-
circuit current, caused by the reactance of the overhead line (see Section 3.2.1).
For example, according to the standard, a 75% line fault test on a 20 kA gives a
short-circuit current of 15 kA. Many tests in Test Series 4 have been performed
with a higher short-circuit current. Figure 5.14 shows the cumulative distribution
of the short-circuit currents used in this series, rated to the required short-line fault
current. It demonstrates that for slf test requirements, the majority of the tests
in Test Series 4 has been performed with a (much) higher short-circuit current.
Nevertheless, all the 69 measurements shown in this figure cleared the current. When
the analysis above is applied to other test series with this breaker, it leads to the
same conclusions. Apparently, this type of breaker is well capable of managing the
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Figure 5.14: The short-circuit currents used in Test Series 4 compared with the required
short-circuit currents for iec slf tests.

slf trv of slf tests.
In this research, the Voltage Injection circuit has been used to analyse only

Test Object B. This breaker has a voltage rating of 12 kV, and according to the
amendment, it is not required to subject it to slf testing. Nevertheless, the results
from these measurements are still useful for analysing the performance of vcb’s
under slf test conditions, since they were subjected to the steepest trv’s of this
research, the results of which were presented in Section 5.3 (Dielectric reignitions).
This particular section started with the observation that practically all reignitions
occurred tens of microseconds after current zero, well after the voltage reaches its
stationary value. Apparently, this breaker does not suffer at all from a steep rise of
recovery voltage.

In conclusion, vcb’s are well capable of managing a steep rise of recovery voltage,
and subjecting them to short-line fault tests seems therefore not necessary. This is
in contrast with gas circuit breakers, such as SF6 breakers, for which the slf is
particularly difficult to cope with.

5.6 Conclusions

This chapter took a close look at the various reignitions observed in the measured
data, and tried to find indicators in the electrical signals that announce an imminent
reignition. The reignitions have been classified into two types: thermal reignitions,
which happen during the post-arc current and dielectric reignitions, which occur
afterwards.

Thermal reignitions are rare, and happen almost only when the arc current well
exceeds the breaker’s rated current, or when the breaker reaches the end of its
technical life-time. Besides that, the electrical signals lack a distinctive indicator
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from which a future thermal reignition can be predicted, although the product of
the post-arc conduction at a given time (Gt) and the contact distance (d, derived
from the arcing time) gives reasonable results. It has been shown that when the value
of this parameter is below a certain lower value, or when it is beyond a certain upper
value, the breaker is likely to reignite. These values depend on the type of breaker
and the trv used in the test. Since all the test series had different properties,
determining the upper and lower boundary for Gtd for each breaker used in this
research is impossible. It should be mentioned that the relationship between Gtd
and a thermal reignition exhibits scatter, just as in the relationship between the
arcing properties and the post-arc properties, analysed in Chapter 4.

Dielectric reignition was more frequently observed, especially in the results from
the voltage injection circuit, despite its intention to investigate thermal reignitions.
This circuit generated a higher trv with a steeper slope than the current injection
circuit, and it ultimately demonstrated that the analysed vcbs did not suffer from
the trv steepness at all.

One of the intentions of this research was to apply thermal reignition indicator
analysis, which has been done with success on SF6 breakers in the past [36], to vcbs.
This chapter concludes that thermal reignitions in vcbs are rare in the first place,
which makes the intended purpose of this research unnecessary. Even if breakers
are subjected to tests in which the values of the short-circuit current and recovery
voltage exceed the breaker’s rated values, and also to a much steeper rise of recovery
voltage after current zero than required by the iec standard, reignition occurs only
rarely in the period immediately following current zero.

The recently approved Amendment 2 of iec Standard 62271-100 [38] decreased
the voltage rating for breakers that are obliged to be subjected to slf tests, from
52 kV to 15 kV. Since vcbs are the most widely used breakers within this voltage
range, this amendment mainly applies to these. From this chapter’s conclusion that
vcbs are well capable of managing a steep rise of recovery voltage (which is the main
severity in slf tests), it can be implicitly concluded that a vcb will pass slf tests
without any problem. Therefore, Amendment 2 of iec Standard 62271-100 adds
little value to prove the reliability of vcbs.



Chapter 6

Post-zero arc plasma decay

modelling

6.1 Introduction

The ultimate goal of this research is to find performance indicators from short-circuit
tests on vcbs that predicts their behaviour in different electrical networks. If such
indicators exist, they will provide vcb manufacturers with additional information
about the performance of their products from expensive and time-consuming short-
circuit tests, which might help improving them. So far, the emphasis of this work laid
on the analysis of the results from high quality current and voltage measurements at
short-circuit tests. This analysis was in particular focussed on the post-arc current
phase, since this is the most distinctive electric signal of the short-circuit test. This
effort resulted in a better understanding of the current-quenching mechanism in
vacuum.

Another way to investigate the performance of vcbs is by simulating their be-
haviour. This has been successfully done in the past with SF6 breakers [57, 58, 59].
Compared to the complicated manner by which an SF6 arc is extinguished, the mod-
els that simulate its interaction with the electrical circuit are relatively simple and
easy to apply, and their results are sometimes surprisingly good.

This chapter describes the development of a model that simulates the interac-
tion of a vacuum arc with an electrical circuit, in particular the post-arc current.
Since the post-arc current flows through plasma, left behind by the vacuum arc,
the model needs to simulate the evolution of residual plasma during arcing as well.
This is described in detail in Section 6.2. Models that simulate the post-arc current
are described and discussed in Section 6.3. Attempts to simulate the vcb’s post-arc
behaviour with the aid of fluid equations, applied on plasmas have also been re-
ported in the literature. Section 6.4 gives a summary of results obtained with such

91
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models. Finally, Section 6.5 discusses the results from this chapter, and summarises
its conclusions.

6.2 Residual plasma estimation

The theory in Chapter 2 explained that the post-arc conductance is the result of
plasma, left behind by the vacuum arc. Therefore, it is necessary to simulate the
development of plasma between the breaker’s contacts during arcing. Since part of
the plasma originates from vaporised anode material, which is heated by the arc,
the anode’s temperature has to be simulated as well. This is done in Section 6.2.1,
and Section 6.2.2 describes the model that simulates the production and decay of
plasma and vapour.

6.2.1 Anode temperature

Figure 6.1 depicts the configuration of the anode for which the temperature is eval-
uated. For simplicity, it is assumed that the heat source is uniformly distributed
across the surface of interest, and that the temperature changes only in the direc-
tion perpendicular to this surface. This differs from the real situation, in which
the load is higher near the centre of the anode than at its edge, especially during
arc constriction (anode spot formation). The simplification limits the problem to
one dimension. Initially, the anode’s body is entirely solid, but depending on the
source’s strength, the surface starts to melt as time progresses. In the literature, the
two-phase Stefan problem [60] is used to model this phenomenon.

liquid

solid

Q L

0

s

L

x

Figure 6.1: Configuration of the anode temperature model.

The temperature inside the anode is expressed by the equation of heat conduc-
tion:

∂T (x, t)

∂t
= αi

∂2T (x, t)

∂x2
, (6.1)

where αi is the diffusivity of the material, which is expressed as

αi =
λi

ρicp,i
, (6.2)
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where λi is the thermal conductivity, ρi is the mass density and cp,i is the specific
heat capacity. The subscript i is either s or l, to denote whether the equations
are valid for the solid or liquid material, respectively. The initial condition and the
boundary conditions are:

T (x, 0) = T0, (6.3)

∂T

∂x
|x=0 = λ−1

i (Q(t) − Lev(t)) (6.4)

T (L, t) = T0, (6.5)

where Q(t) is the heat source in W/m2, and Lev(t) is the cooling process. It has
been investigated by others that heat loss due to radiation is negligible compared
to evaporation [60], and therefore, this model takes only evaporation into account.
From [10], the cooling process by evaporation is represented as:

Lev(t) =
ǫ

4

pev(T )

(mkT/3)1/2
, (6.6)

where ǫ is the evaporation energy per atom, pev is the saturated vapour pressure
at the surface, m is the mass of a single atom of the anode’s material and k is
Boltzmann’s constant. The relation between the saturated vapour pressure and the
temperature of any material has been found as [61]

log(p(t)) = log(1.333 · 102)(−Ai/T + Bi + Ci log(T ) + DiT ), (6.7)

where Ai, Bi, Ci and Di are material (and state) dependent parameters. The velocity
with which the boundary between the solid and the liquid layer moves, is derived
with

ds

dt
=

λl

ρlH

∂T

∂x

∣∣∣∣
s−

−
λs

ρsH

∂T

∂x

∣∣∣∣
s+

, (6.8)

where H is the latent heat of melting. As soon as the surface temperature increases
beyond the melting temperature, the evaporation process causes the position of the
surface to change. Instead of actually replacing the location of the heat source,
the model accounts for the surface displacement by shifting the anode such that its
surface is always at x = 0. To do this, Equation 6.1 is rewritten as

∂T (x, t)

∂t
= αi

∂2T (x, t)

∂x2
+ vsur

∂T

∂x
, (6.9)

with vsur as the velocity of the surface displacement, derived as

vsur = max

(
0,

Fevm

NAρl

)
, (6.10)
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where Fev is the flux of evaporating particles and NA is Avogadro’s constant. Fev

is found as

Fev =
1

4
nv =

pev(T )

4(mkT/3)1/2
, (6.11)

where n is the vapour particle density.

Simulation of the anode temperature now requires an expression for the power
density Q in Equation (6.4). Assume, for a first approximation, that this power
density can be derived by

Q =
iarcu

A
(6.12)

where u is a voltage that represents the heating by ion bombardment, and A is the
discharge area. To simplify matters, it is assumed that the energy which the ions
gain in the cathode area is transmitted to the anode, i.e. they do not loose their
energy during their travel towards the anode. Since the arc constricts as the current
reaches high values, the discharge area A is smaller than the anode area. However,
for simplicity, it is assumed in the next example that A is constantly small during
the entire simulation.
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Figure 6.2: a) The short-circuit current, b) the simulated anode surface temperature for
1: tarc = 10 ms, 2: tarc = 5 ms and 3: tarc = 3 ms. Tmelt is the melting temperature of
copper.
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The following analysis calculates the temperature of a copper anode, loaded by
a vacuum arc that results from a sinusoidal current with a peak value of 40 kA. The
arc voltage is assumed to be 15 V, and the diameter of the discharge area is 2.5 cm.
The layer thickness L of which the temperature distribution is calculated is 5 mm.
Appendix D gives more details both on the solution for the model, as well as the
values for the parameters.

Figure 6.2 shows the simulated anode temperature for three different arcing
times. In general, the results agree well with simulated and measured results in
the literature, e.g. such as in [62]. However, as soon as the surface temperature in-
creases beyond the melting temperature, the results show some distortion, which is
particularly clear in the simulation with tarc = 5 ms. Here, the temperature remains
practically on the same level for some time, but continues to increase afterwards.

The choice for the layer thickness is such, that at the instant of interest (current
zero), the propagation of the heat has not reached the far end of the layer. Since the
temperature at the far end is fixed, it acts as a perfect sink for heat, but this does not
represent the reality. Figure 6.3 shows the temperature distribution at four different
instants of the simulation with tarc = 10 ms. It demonstrates that the layer is
sufficiently thick for the simulation until current zero, but that eventually, the heat
reaches the layer’s far end (the temperature gradient at x = 5 mm is non-zero),
which makes the model invalid.
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Figure 6.3: The anode temperature distribution at 1: t = −8 ms, 2: t = −4 ms, 3: t = 0
ms (current zero) and 4: t = 15 ms. Tmelt is the melting temperature of copper.
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6.2.2 Plasma development

One way to simulate the production and loss of charge and vapour during the arcing
phase, without being too complicated is presented in [63]. The following model is
predominantly based on the model described in this publication.

In this model, the cathode and the anode are the primary source of ions and
neutral particles, respectively. While neutrals are assumed to leave the anode region
with their thermal velocity, ions leave the cathode region much faster, as explained
in Section 2.2.2. As time progresses, ions and neutrals might collide with each
other, and exchange their charge. This process results in fast neutrals and slow ions.
Therefore, the model simulates the density and velocity of four species: fast ions,
slow neutrals, slow ions and fast neutrals.

The production of fast ions Nf
i is described by

∂Nf
i

∂t
=

0.1 · I

qid · A
−

Nf
i · vf

i

ltyp
− Nex, (6.13)

where I, qi, d, vf
i and ltyp are the arc current, the ion charge, the contact distance,

the convection velocity of fast ions and the typical scaling length of diffusion, re-
spectively. The first term on the right hand side of Equation (6.13) represents the
production of ions. About 10 % of the arc’s current is ion current, hence the fac-
tor 0.1 in this term. The second term of the right hand side of Equation (6.13)
describes the loss of fast ions due to diffusion. Nex describes the loss due to charge
exchange, and is derived with

Nex =
(
Nf

i · Ns
n − Ns

i · Nf
n

)
· Ω · vrel (6.14)

where Ns
n, Ns

i , Nf
n , are the density of slow neutrals, slow ions and fast neutrals,

respectively, Ω is the charge exchange cross section and vrel is the relative velocity
between the interacting species involved. The density of slow neutrals is calculated
with

∂Ns
n

∂t
=

Nanode · vanode

d
−

Ns
n · vs

n

ltyp
− Nex, (6.15)

where Nanode is the particle density evaporated from the surface, derived from Equa-
tion 6.11. The density of slow ions and fast neutrals is calculated with

∂Ns
i

∂t
= −

Ns
i · vs

i

ltyp
+ Nex, (6.16)

∂Nf
n

∂t
= −

Nf
n · vf

n

ltyp
+ Nex, (6.17)

The fraction of particles having a thermal velocity is calculated with
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η = 1 − exp
[
−d · (Ns

n + Nf
n ) · Ω

]
(6.18)

The typical distance after which particles leave the gap, and the particle velocities
are calculated with

ltyp = η · R + (1 − η) · d, (6.19)

vf
i = η · vthermal + (1 − η) · vcathode, (6.20)

vs
i = η · vthermal + (1 − η) · vanode, (6.21)

vf
n = η · vthermal + (1 − η) · vanode, (6.22)

vs
n = η · vthermal + (1 − η) · vcathode, (6.23)

vrel = η · vthermal + (1 − η) · vcathode, (6.24)

where vthermal is the velocity for particles with the same temperature as the anode,
calculated with Equation (6.10), and vcathode and vanode is the average drift velocity
with which particles leave the cathode and anode region, respectively.

This model has been implemented in the existing model that simulates the anode
temperature. To verify its correct implementation, Figure 6.4 shows its results after
using an identical current source as the one reported in [63].
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Figure 6.4: Simulation ion density decay after current zero. a) Ion density decay after a
trapezoidal arc current of 5 kA peak, b) the residual charge after trapezoidal arc currents
as a function of the peak current value.

Figure 6.4b shows a sudden increase in the post-arc charge after a short-circuit
current of 5 kA. Beyond this current, the anode melts and suddenly produces large
amounts of vapour and charge. The shape of this trace corresponds to the results
shown in Figure 4.5 (page 59), and results from the literature like [16, 63], however,
the value for the short-circuit current at which anode melting occurs is quite low.
This indicates, for example, that the assumed size of the discharge area was too
small.
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6.3 Black-box modelling

For many years, the post-arc current in vcb’s has been modelled with the aid of
Child’s law, which was later modified by Andrews and Varey. These models simulate
the growth of the cathodic space-charge sheath towards the post-arc anode, as de-
scribed in Section 2.4. Since it has been used so many times in the past, Section 6.3.1
elaborates on these models, and discusses their results.

One of the disadvantages of the models of Child and Andrews and Varey, is that
they lack a proper theory for the voltage-zero phase. Section 4.4 gave details on
how this phenomenon can be explained when the thermal velocity of particles is
taken into account. The simplicity of the equations of this model makes it possible
to implement them in a vcb model for network applications. Section 6.3 describes
how this is done, and discusses its results.

6.3.1 Sheath model

The models in this section take only the kinetic motion of charged particles into
account, and not their thermal. As a result, the direction in which the charged
particles move is controlled by the electric field, which implies that during the sheath
growth, only ions arrive at the cathode, and the electrical current i can be written
as

i = qiviniA, (6.25)

where qi is the average ion charge, vi is the velocity of ions just before they arrive
at the cathode, ni is the ion density at the cathode surface, and A is the discharge
area. Solving this equation requires an estimation for vi and ni, which is particularly
difficult, because the velocity and density of ions are influenced by natural decay and
a variable electric field in the sheath.

Since the model assumes that the sheath is completely free of electrons, Equa-
tion 6.25 holds for any location inside the sheath. The electric field at the plasma-
sheath edge is zero, which makes this position the most convenient one to derive
this equation. However, since the sheath grows into the plasma, ’stationary’ ions
inside the plasma move through the sheath edge. As a result, from its perspective,
an additional ion current flows through the sheath, and the current at the sheath
edge is derived as

i = qi

(
vi +

ds

dt

)
niA, (6.26)

where vi and ni are now the ion velocity and density at the sheath edge, and ds/dt
is the velocity of the sheath edge. The relation between the voltage u, current i and
thickness of a space charge layer s has been derived by Child [64], and is given as
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i =
4ε0A

9

√
qi

mi

u3/2

s2
, (6.27)

where ε0 is the permittivity of vacuum and mi is the ion mass. One of the assump-
tions made for Child’s model is that ions start at rest. However, as long as the
sheath moves, Equation (6.26) implies that ions in this model always have an initial
velocity, and that as a result, Childs model cannot be used in this case.

Andrews and Varey found a way to include the initial velocity of ions [65] into
Child’s model, and their result is

s2 =
4ε0U0

9qini

[(
1 +

u

U0

)3/2

+ 3
u

U0
− 1

]
, (6.28)

U0 =
mi

2qi

[
vi +

ds

dt

]2

, (6.29)

where U0 is the ion potential at the sheath edge.

Equation (6.28) is only valid in the second phase of the post-arc current (see
Section 2.4, Figure 2.5). In the first phase, the voltage is assumed to be zero (perfect
conduction). In the third phase, when the sheath thickness s has grown as large
as the contact distance d, the current is assumed to have reached zero (perfect
insulation). The transition from the first to the second phase has completed as soon
as the current reaches qiviniA.

The model now requires values for qi, vi, ni, d and A. qi is usually taken as 1.8
times the elementary charge (1.6 · 10−19 C), which is the average charge value of
copper ions that has been measured in vacuum arcs [66, 67]. During the evaluation of
the model, the values for vi, d and A are generally constant, where vi (the velocity of
ions leaving the cathode spot region) is taken between 103 and 105 m/s [65, 68, 69],
d is the measured contact distance, and A a fraction of the anode area, which
represents the possible constriction of the arc.

In line with the observations on the ion density measured after current zero, an
exponential decay is usually taken to model ni. As a result, ni requires at least
one additional parameter that represents the decay time constant τ . This value is
usually taken between 0.5 µs and 84 µs [14, 19, 20]. Section 6.2.2 already simulated
the ion density decay after current zero, and these results can also be used in the
post-arc current model. To make the results of this model fit the measurements
better, alternatives have also been suggested [49, 66, 68, 70, 71, 72, 73].

The model has been implemented as a system block in Matlab’s SimPowerSys-
tems, which makes it easy to apply it in different electrical circuits. Figure 6.5 shows
results of it when applied in an slf test circuit, along with measured data.
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Figure 6.5: Results from the Sheath model of Andrews and Varey, compared with mea-
sured data from Short-Line Fault tests. a) Data from 1 with L% = 105 µH (see Figure 3.4),
b) data from 1 with L% = 225 µH. c) and d) are the simulated results of the measurements
in a) and b), respectively.

6.3.2 Langmuir probe model

As already mentioned in Section 4.4, the vacuum interrupter can be regarded as
a Langmuir probe. To find a relation between the current and the voltage for the
interrupter in the voltage-zero period, the interaction between the plasma and one
contact needs a closer look.

For the stability of the sheath, the electric field in front of a contact partly
penetrates the quasi-neutral plasma. This field not only starts the deceleration of
electrons, but it also accelerates ions into the direction of the sheath to velocities
exceeding their thermal velocity. As a result, ions enter the sheath with Bohm
velocity vB. Without further elaborating on how vB is derived, its expression is
given as [52, 53, 54]

vB =

(
2kTe

mi

)1/2

, (6.30)

where k is Boltzmann’s constant, Te is the electron temperature and mi is the ion
mass. By setting vi = vB in Equation (6.25), the ion saturation current can be
written as
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ii,sat = qivBniA, (6.31)

where qi is the average ion charge, ni is the ion density at the plasma-sheath bound-
ary and A is the contact’s surface area.

When a Maxwellian distribution function is assumed for electrons at the plasma-
sheath boundary, the electron current ie is found as

ie = Je,satA exp

(
qeVp

kTe

)
, (6.32)

where Je,sat is the electron saturation current density, qe is the elementary charge
and Vp is the voltage drop across the sheath. Equation 6.32 effectively implies
that electrons at the plasma-sheath boundary require an initial velocity ve such
that 1

2mev
2
e ≥ qe|Vp|. Similar to the ion saturation current, the electron saturation

current is reached when a contact’s potential reaches a high positive value with
respect the plasma potential. In absolute values, the electron saturation current is
much higher than the ion saturation current.

In the configuration of Figure 4.20, the current i through the loop is equal at
both contacts, hence

i = iae − iai,sat = ici,sat − ice, (6.33)

where the superscripts a and c refer to the anode and cathode, respectively. Com-
bining Equations (6.32) and (6.33), and using V = V a

p − V c
p for the voltage across

the gap gives

i + iai,sat

ici,sat − i
=

Aa

Ac
exp

(
qeV

kTe

)
. (6.34)

Since it is assumed that the contacts have equal size, Equation (6.34) can be sim-
plified to

i = ii,sat tanh

(
qeV

2kTe

)
. (6.35)

Equation (6.35) indicates that the total current is restricted to the ion saturation
current at either one of the contacts. As a result, neither contact will experience the
much higher electron saturation current in this model.

Next, the model is compared with the measurement of Figure 4.19. In this
particular example, the test-object was subjected to a short-circuit current that
largely exceeded the breaker’s rated value. As such, the amount of residual charge at
current zero is relatively large, making it easier to observe the low-voltage phase. The
model is evaluated in a circuit that is similar to the one from which the measurement
has been obtained.
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The quantities Te, mi and ni(0) (the initial ion density), cannot be measured with
the measuring equipment used in this research, and their value has to be estimated,
or taken from the literature. kTe is usually in the order of 2-10 eV [74, 75, 76, 77],
and the model supposes that only copper ions are present inside the gap, so mi =
1.06 ·10−25 kg. The calculation of the ion density is arranged by the model described
in Section 6.2.2.

The results from measurements on the initial ion density, and its decay, have
also been reported frequently in the literature, with values for ni(0) in the range of
1017 − 1019 m−3, and values for τ ranging from 0.5 µs to 84 µs [69, 14, 78, 20, 19].
The values for the parameters in this model are within these ranges to match the
model’s results with the measured data.

The contact diameter of the vcb that was used in this analysis is 4 cm, thus A
is 12.5 cm2. kTe, qi and ni(0) are taken 3 eV, 1.8 · 1.6 · 10−19 C and 2.8 · 1018m−3,
respectively, and the time constant τ for the ion decay is 20 µs.

Figure 6.6 presents the results, which shows indeed a voltage-zero period in the
simulation that resembles the one in the measurement.

a)

t [µs]

i
[2 A/div]

u [20 V/div]

−.5 0.0 0.5 1.0

0

b)

t [µs]

i
[2 A/div]

u [20 V/div]

−.5 0.0 0.5 1.0

0

Figure 6.6: Simulation of the low-voltage period following current zero; a) measured data,
b) simulation results.

The rise of the recovery voltage entails a fast time-change in the electric field in-
side the ionic space-charge sheath in front of the cathode. This yields a displacement
current, which has not yet been taken into account in the model so far. Hence, in the
model, the current remains equal to the saturation current, whereas the measured
current continues to increase for some time. A way to model this event is described
below.

For simplicity, it is assumed that the effective cathode area increases linearly
with the voltage, thus

Aeff (t) = A + c1V, (6.36)

where c1 [m2/V] is a parameter that has yet to be determined.
The model assumes a twofold decay of ion density after current zero. The first is

a natural decay, assumed exponential, and the second is from the post-arc current.
Based on this, the ion density is defined as
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dni

dt
= −

ni

τ
−

ipa

qic2
, (6.37)

where τ is the time constant for the natural decay and c2 [m3] is a parameter. ipa

is considered to be positive only in Equation (6.37), to ensure an ion density decay.
A sheath capacitance is used for modelling the displacement current that results

from the time-change of the electric field inside the sheath. The expression for the
sheath capacitance is

Csh =
K

V 3/4
. (6.38)

Appendix F describes how K in Equation (6.38) is elaborated.
By combining Equations (6.31), (6.35), (6.36) and (6.38), the expression for the

post-arc current can be written as

ipa = qinivBAeff tanh

(
qeV

2kTe

)
+ Csh

dV

dt
, (6.39)

When mi (from vB, Equation (6.30)), qi, Te and A are considered constant, the
model requires four parameters: ni(0), τ , c1 and c2.

This model has been added to the models of Section 6.2, which is implemented as
a function block in Matlab’s SimPowerSystems. For the simulation of the breaker in
an electrical circuit, the ode23tb solver has been used with an absolute and relative
error of 1 ·10−5. Figure 6.7 shows the result of the simulation of the measurement in
Figure 4.19. This simulation uses the same values for the parameters as were used
in the simulation of Figure 6.6, and in addition, c1 and c2 are 0.5 · 10−6 m2/V and
56 · 10−6 m3, respectively.
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Figure 6.7: Simulation of the post-arc current; a) measured data, b) simulation results.

In the final example, the model simulates three measurements, that were per-
formed with equal test settings (same arcing time and same peak short-circuit cur-
rent), but with different trv’s. Figure 6.8 shows the results.
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Figure 6.8: The simulation of three measurements, performed with equal conditions but
different trv. a) the measured trv, b) the measured post-arc current and c) the simulated
post-arc current.

Because the three measurements were performed with equal settings, it should
be expected that the plasma conditions at t = 0 were equal as well. Consequently,
the model’s parameters should be the same in all three simulations. The parameters
ni(0), τ and c2 were indeed equal (7 · 1017 m−3, 5 µs and 33 · 10−6 m3 respectively),
but only c1 had to be adjusted. This value was 2 · 10−6 m2/V for the measurement
with the steepest trv rise, 1 · 10−6 m2/V for the middle and 0.5 · 10−6 m2/V for
the slowest trv rise. Since this parameter is used in Equation (6.36) to relate the
effective cathode area to the voltage, this assumed relation appears to be inadequate.

6.4 Alternative post-arc current models

Although Andrews and Varey developed a model that is most widely used to simulate
the post-arc current in vcbs, other models have been suggested in the past as well.
Most of these alternatives elaborate on the equations for particle motion between
the contacts. Such equations are an extension of the fluid dynamic equations with
which the motion of particles in gasses are modelled. In a plasma, the fluid dynamic
equations are extended with the Poisson equation to account for the force that an
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electric field exhibits on the charged particles. In a simplified, one dimensional
model, these equations are [79, 80]

∂nk

∂t
+

∂nkvk

∂x
= 0 (6.40)

mknk

(
∂vk

∂t
+ vk

∂vk

∂x

)
+

∂pk

∂x
= −qknk

∂φ

∂x
, (6.41)

∂2φ

∂x2
= −

1

ε0
(qene + qini) , (6.42)

where nk, vk pk, qk and mk are the particle density, velocity, pressure, charge and
mass, respectively, φ is the potential inside the plasma and ε0 is the permittivity
of vacuum. The subscribt k is either e or i to distinguish the equations between
electrons or ions, respectively. Equation (6.40) describes the mass conservation and
Equation (6.41) the momentum transfer. Equation (6.42) is the Poisson equation.
This model requires additional equations for the pressure pk to describe thermody-
namic process of the particles (e.g. isothermal electrons and adiabatic ions).

The current through the plasma is derived as

i = qiniviA + qeneveA + ε0A
dE

dt
, (6.43)

where E is the electric field. Note that this equation is valid anywhere inside the
plasma. The electric field E is found as

E = −
dφ

dx
. (6.44)

This post-arc current model is completed when it is supplemented with a system
of equations describing the electrical circuit, which induces a potential difference
across the plasma (the trv). This potential difference is then used as the boundary
condition for Equation 6.42.

Solving this system of equations requires considerable numerical effort because of
several reasons, two of which are discussed in the following. First, Equation (6.41)
requires knowledge of the potential distribution, while this has yet to be derived
with Equation (6.42). For this reason, the system has to be solved with an iterative
process, in which the voltage distribution is first estimated, and updated after each
iteration step until the required accuracy has been reached. Second, the extremely
large ion/electron mass ratio (about 105) and in addition, the high mobility of elec-
tron easily causes instability of the numerical evaluation and forces it to use very
small time steps (less than 10−12 s). Other methods have been suggested for solving
ne and ve with Equations (6.40) and (6.41), for example by linking ne directly to
the potential via the Boltzmann law [81, 82].

Although the results of this model might support the theory postulated in Sec-
tion 4.4 (with regard to the voltage-zero phenomenon), the complexity involved with
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its evaluation goes well beyond the scope of this research. In addition, the one di-
mensional model is unrealistic in its current form, but adding more dimensions to it
leads only to a higher complexity, and makes the result consequently more dependent
on estimated initial conditions. For these reasons, it has not been evaluated.

6.5 Discussion and conclusions

It was the intention of this work to simulate the current interruption process in
vacuum in a similar way as has been done with SF6. Such a model makes it possible
to simulate the breaker’s behaviour numerically in different electrical circuits. The
SF6 arc extinction process has been modelled with relative success by using the
models of Cassie and Mayr [36]. These involve the balance between the internal
energy of the arc and the cooling power of the surrounding gas, and link the arc’s
conduction to the internal energy. After current zero, the cooling power has to be
stronger than the arc’s internal energy to successfully extinguish the arc.

Vacuum arcs break short-circuit currents in quite a different way, as vcbs lack
an extinguishing medium, and their arc’s internal energy is almost completely con-
centrated in the cathode spots. The reignition process is also quite different, since
the source of the new arc (cathode spots) arise at a different location (the new cath-
ode) than before current zero. For this reason, post-arc vacuum modelling has been
mainly focussed on simulating the anode temperature during arcing, and the be-
haviour of the cathodic space charge sheath after current zero, because both involve
the conditions at the location of potentially new cathode spots.

This chapter showed how the time behaviour of the anode surface temperature
can be modelled. It assumed that all of the arc’s energy is transformed into heat
that conducts into the anode. It also assumed that the heat is not equally dis-
tributed across the anode’s surface, but only to a given fraction of it. Although this
assumption agrees with observations made in the literature, the real size of this spot
changes in time, and depends on many properties, such as the value of the current,
the magnetic field and the history of the arc. Including all these processes probably
lead to better results, but also to more complexity to the already elaborated model.

The anode surface temperature model is used for the simulation of the production
and elimination of charge and vapour inside the gap. This model is based on [68],
which simulates the density of four species, each with different properties. These
are the charge (ions and neutrals) and their average velocity (referred to as ’fast’ or
’slow’). It assumed that during arcing, the cathode creates fast ions, whereas the
anode creates slow neutrals. Depending on the density and their average velocity, a
fraction of the fast ions collide with slow neutrals, and exchange their charge in the
process, thereby creating slow ions and fast neutrals. As soon as the current through
the breaker reaches zero, the source of fast ions is removed, and the remaining charge
and vapour inside the gap falls into decay. The residual charge from this model is
what made the simulation of the post-arc current possible.
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The theory of a Langmuir probe, described in Section 4.4, was used to simulate the
post-arc current. This model assumes that after the current reaches a saturation
value, the rise of the voltage leads to the growth of the space-charge sheath in front
of the cathode while the current remains constant. However, the time change of
the voltage makes a higher current possible, because this leads to a displacement
current inside the sheath. To account for the displacement current, the sheath is
modelled as a voltage-dependent capacitor that shows similarity with the model of
Andrews and Varey, which has been used extensively in the past to simulate a vcb’s
post-arc current. Finally, the model was supplemented with additional mechanisms
to account for geometry effects of the growing sheath, to make the simulated results
correspond to the measured results.

Although modelling of the vacuum arc - circuit interaction improves the un-
derstanding of the current-quenching mechanism in vacuum, there are three main
reasons why it will probably never serve as a reliable performance indicator tool for
vcbs:

1. The many processes on which the model is based allow their parameters to be
adjusted to make the simulated results fit the measured results. Since most
of the parameters are from processes that could not be measured (such as the
discharge area with which the arc loads the anode, and the average velocity of
particles), such adjustments cannot be validated.

2. Despite complexity of the model, and the numerical efforts that the simula-
tion requires, it is impossible to predict the post-arc current of a future test.
This is because of the inherent scatter that the post-arc current exhibits, for
example due to the final position of the last cathode spot, as explained earlier
in Section 2.4.

3. The models do not predict failure (SF6 models do), let alone that clear under-
standing exists on reignition processes in vacuum.





Chapter 7

General conclusions and

recommendations

7.1 Conclusions

The high quality of the measured data provided a firm foundation for the research on
short-circuit interruption with vacuum circuit breakers. This quality was ensured by
a combination of special test circuits, measuring systems and software for processing
the raw data. iec standards require vacuum circuit breakers to be subjected to spe-
cific tests, and since the High Power Laboratory at kema is specialised in performing
such tests, their circuits are the most suitable ones for analysing the breaker’s iec

compatibility. However, the High Currents Laboratory in Eindhoven proved to be a
better location for more fundamentally oriented research on the current quenching
mechanism in vacuum. This was because it provided accommodation for performing
measurements, which was available during the entire course of the project.

A current measuring device, which has been specifically developed by kema for
short-circuit tests, and has already been successfully used in the past, turned out to
be of high value for this project as well. Although the signal from this ’Rogowski coil’
had to be processed to recover the current (it actually measures the time-derivative
of the current), it produces the strongest signals at the most significant instants
of a measurement (i.e. the current zero). In addition, its galvanic isolation from
the test circuit made it practically invulnerable to ground-loop distortion. This is
quite different from the voltage measurement system. Since the voltage probes used
in this research were all connected to the test circuit, they required special treat-
ment to protect the data recording devices from the high voltage, and to suppress
ground-loop interference. Both requirements were optimally satisfied by using a spe-
cial data recording system. This system comprises battery operated buffers (Front
Ends), which are linked to a receiving recorder through glass fibre cables. Because

109
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of its excellent performance on shielding the measured signals from the strong elec-
tromagnetic distortion that involves a short-circuit test, most of the data in this
research has been acquired using this particular system.

The vacuum arc’s electrical properties were obtained from the raw data after
treatment with software, that has been specifically developed for this purpose. This
software has previously been used for analysing short-circuit measurements on SF6

breakers at kema. In this research, it successfully processed the data from the
different recording systems as well. As a result, over 350 current-zero measurements
were collected for analysis.

The voltage-zero period

The high level of detail in the voltage and current measurements made it possible to
clearly demonstrate the plasma nature of the post-arc current. This nature revealed
itself in the measurements predominantly, by a voltage-zero period that immediately
follows current zero. Here, the breaker appears to delay the rise of the recovery
voltage by keeping its conductance particularly high for a period lasting several
tenths of microseconds. This is beneficial for the interruption process, since the
delay of the trv also extends the period in which the breaker can recover from the
arc. This behaviour shows a striking similarity with that of a double Langmuir probe
(of which the electrical properties are known), which is normally used for analysing
a plasma on its ion density and its electron temperature.

The voltage-zero period ends as soon as the post-arc current reaches the ion
saturation current isat (see Section 6.3.2). As such, the electrical circuit controls
this duration, because it controls the current slope in this period, and the current
reaches isat earlier when it has a steep slope. Although the ion saturation current
can be measured in this way, the parameters that determine isat itself cannot be
measured from outside the vacuum interrupter. These parameters are the electron
temperature Te, the ion mass mi, the average ion charge qi, and the discharge
area A, which are all approximately constant in the voltage-zero period, and the
time dependent ion density ni. Values for the parameters Te, mi and qi have been
frequently reported in the literature, and can be taken from there, but A and the
function for ni have to be estimated.

The post-arc current parameters

The post-arc current flows through the conducting residue of the vacuum arc. There-
fore, the post-arc properties should be a reflection of the strain that the vacuum arc
imposed on the breaker. However, trends could only be observed after comparing
the arcing and post-arc parameters of a large number of measurements, because
such trends exhibit a strong divergence, as explained in Section 4.2. The peak value
of the short-circuit current Îarc and the arcing time tarc were taken as the arcing
parameters. The post-arc parameters were the post-arc current’s peak value îpa, its
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charge Qpa (its time-integral), its conductance and its capacitance at a given instant
t, Gt and Ct, respectively, and finally the time at which the conductance reaches a
given value tG. All the post-arc parameters depend more or less proportionally to
the arcing parameters.

The most likely hypothesis for the scatter in the trends is caused by the difference
in each test of the final location of last cathode spot. Since cathode spots move
randomly across the cathode’s surface, eject charge away from it in the process,
their final position influences the amount of charge available in the inter-electrode
gap at current zero.

Contrary to the weak relationship between the arc’s and the post-arc parameters,
the relationship between different post-arc parameters, e.g. Gt versus Qpa, shows
a strong coherence, which is demonstrated in Section 4.3. Apparently, the breaker
exhibits the same physical process after current zero in each test, only with different
initial conditions. This might be useful for research that compares the performance
of different (types of) breakers. The nature of this research rendered data which
proved too diverse for such a specific analysis.

Reignition analysis

From the observations in this research, thermal reignition (reignition that occurs
during the post-arc current) is a rare failure mechanism in vacuum (Section 5.2). It
happened almost exclusively when the breaker had been subjected to a current that
largely exceeded the breaker’s rated short-circuit current. The parameter Gt · d is
a fair indicator for an imminent thermal reignition, where d is the contact distance
at current zero, derived from tarc. Above a given upper value of this parameter,
and below a given lower value, the breaker is likely to reignite. These boundary
values are not fixed, but are different for each breaker, and each type of test. The
rate of rise of recovery voltage (rrrv) appears to have little influence on thermal
reignition in vacuum, which is in contrast to such process in gas. The recently
approved Amendment 2 of iec standard 62271-100 obliges practically all vcbs to be
subjected to slf tests, however, from the conclusion that vcbs are well capable of
managing a high rrrv (which is the gravity of an slf), this seems an unnecessary
exercise.

A great deal of the dielectric reignitions observed in this research occurred after
1/4 of one power frequency period. Had the test circuit been more similar to a real
short-circuit network, then the alternating voltage would have changed polarity by
then, thereby probably giving different results. This makes the circuit less suitable
for analysing the breaker’s iec compatibility. The voltage-injection circuit (Section
3.2.2) proved to be well suitable for analysing reignitions, because its recovery volt-
age was higher than the voltage of the current-injection circuit (40 kV and 15 kV,
respectively). Another benefit of the voltage-injection circuit is that it makes the
measurement of mA currents through the test object, millisecond after current zero
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possible (Section 5.4). Since the plasma has already decayed by then, such currents
are likely the result of thermal-field emission.

Modelling

Existing models, supplemented with theories for observations made in this research,
can simulate a measured post-arc current quite accurately. However, predicting the
outcome of a measurement with the aid of such a model appears to be impossible
for two reasons. First, the degree of scatter observed in the relationship between
test settings, post-arc properties and reignition behaviour, already demonstrated the
improbability of finding a predictive value. The second reason is that in addition to
the model’s large number of parameters for which the values have to be assumed,
the model also requires an expression for the time behaviour of the ion density.
The simulation of the time changing ion density is based on another collection of as-
sumptions, thereby automatically reducing the reliability of the final post-arc model.
Consequently, such a model is only useful for analysing a vcb’s interaction with an
electrical circuit.

7.2 Suggestions for future work

One of the observations in this work is that vcbs seem not to suffer from short-
circuit tests. The test objects were perfectly capable of withstanding the steep
trv that accompanies the short-line fault. However, although the total number
of measurements collected during this research is large, the number of test series,
and the number of different types of interrupters that were analysed, is limited
(seven and three, respectively). In addition, each test series was unique, which
made comparative studies on different interrupters impossible. This leads to the
first recommendation for future work:

Create a collection of test series with equal settings, but different vcbs.

Such work will probably be expensive, since it requires a large amount of measuring
time, and a reliable test circuit.

Another observation from this work is that the breakdown voltage for the anal-
ysed interrupters is significantly higher than the current-injection circuit could gen-
erate. The voltage-injection circuit has been used to increase this voltage to 40 kV,
at the expense of the trv’s iec compatibility. Despite the drawback, this circuit
proved to be well suitable for research on vacuum breakdown, and on continuing
post-arc emission currents, which is particularly interesting for the research on reig-
nition behaviour (see Section 5.4). Since there is currently much debate going on
about the nature of vacuum breakdown, the next recommendation would be:



7.2 SUGGESTIONS FOR FUTURE WORK 113

Use (and improve) the voltage-injection circuit for research on vacuum breakdown.

Some suggestions for improvement of this circuit are

• increase its voltage level to a value beyond the 100 kV (this also makes a
steeper rise of it possible);

• increase the value of Rinj (see Figure 3.13, page 33) to make the measurement
of micro ampères post-arc currents possible.

These suggestions are also expensive to carry out, since they require suitable circuit
components, and the breaker itself needs also be suitable for withstanding such high
voltages.

The interrupter’s recovery phase counts many processes in its sealed interior,
and trying to explain them all only by looking at its electrical behaviour is not
enough, as the post-arc current analysis has already demonstrated (see Chapter 4).
In experimental interrupters (not used in this research), the recovery is also often
monitored with, e.g. camera’s, Langmuir probes or retarding field analysers [14],
but these analysis techniques are impossible to apply on permanently sealed com-
mercially available interrupters. Instead of also using an experimental interrupter,
one could also do the following:

Develop (or search for) a sensor that measures recovery processes inside the vacuum
interrupter, without penetrating it.

The type of signals that should be monitored have yet to be determined.





Appendix A

Eindhoven’s parallel

current-injection circuit

Cmain
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Arr.

AB

TO VP
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RTRV

CTRV
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Cinj
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Figure A.1: The current-injection circuit used in the High-Currents Laboratory in Eind-
hoven.
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Table A.1: Circuit component values and parameters.

Name Value Rating Type (Manufacturer) Figure

Cmain 1.56 mF 15 kV A.2
Cinj 83.4 µF 15 kV
CTRV 0 − 11 nF
Linj 1.11 − 1.39 mH Air coil A.4
Rinj 250 Ω Stack of disk resistors (HVR)
RTRV 0 − 750 Ω Stack of disk resistors (HVR)
Arr. 0.66 − 10 kA, 660 V MVR (ABB)
MB Air circuit breaker
AB 25 kA, 24 kV Vacuum circuit breaker
TO 20 − 25 kA, 10 − 24 kV Vacuum circuit breaker
SG Triggered spark gap (TUE) A.5
T1, T2 800 kVA, 10.5kV : 380 V Dy5, oil transformer A.3
RC 0.34 µH mutual inductance Rogowski coil (KEMA)
V P see Table 3.1 Voltage probe
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Figure A.2: Capacitor bank for Cmain. Figure A.3: Transformer T1.

Figure A.4: One of the air coils used for
Linj .

Figure A.5: Heads of SG
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Eindhoven’s parallel

voltage-injection circuit

Cmain
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Figure B.1: The voltage-injection circuit used in the High-Currents Laboratory in Eind-
hoven.
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Table B.1: Circuit component values and parameters.

Name Value Rating Type (Manufacturer) Figure

Cmain 1.56 mF 15 kV A.2
Cs 2.5 nF
Ca1, Ca2 330 pF
Cinj 2.5 nF
CHV 125 nF 65 kV B.2
CTO Parasitic capacitance
Rs 160 Ω Stack of disk resistors (HVR)
Rinj 1, 100 kΩ Stack of disk resistors (HVR)
RHV 70 Ω Stack of disk resistors (HVR)
Arr. 0.66 − 10 kA, 660 V MVR (ABB)
MB Air circuit breaker
AB1, AB2 25 kA, 24 kV Vacuum circuit breaker
TO 20 − 25 kA, 10 − 24 kV Vacuum circuit breaker
SG Triggered spark gap (TUE) A.5
T1, T2 800 kVA, 10.5kV : 380 V Dy5, oil transformer A.3
RC 0.34 µH mutual inductance Rogowski coil (KEMA)
V P see Table 3.1 Voltage probe
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Figure B.2: The two series connected 250 nF capacitors, rated at 32.5 kV each, together
forming CHV .





Appendix C

A simplified post-arc

conductance model

This appendix describes a first approximation to modelling the post-arc conductivity.
Its sole purpose is to comprehend the trends observed in Figure 4.17, hence simplicity
of the model prevails over its accuracy.

Assume that the time-dependent post-arc conductivity G(t) is given by

G(t) = G0 exp (−t/τ) , (C.1)

where G0 is the conductance at t = 0, and τ is the conductance’s decay time. A
consequence of this model is that the interaction between the post-arc conductance
and the trv is absent, which is not entirely valid, considering the observations in
Figures 4.7 and 4.8, but acceptable for a first approach. Assume further that the
transient recovery voltage u across the breaker is

u(t) = U0 (1 − cos(2πft)) , (C.2)

where U0 is the system’s voltage and f is the ground harmonic of the trv. The
post-arc current is then defined as

ipa = G(t)u(t). (C.3)

The time-integral of Equation C.3 yields the post-arc charge Qpa, which is

Qpa =

∫
∞

t=0

ipadt

= G0U0
(2πf)2τ3

1 + (2πf)2τ2
. (C.4)
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Solving τ from Equation C.1, and using this result in Equation C.4 gives

Qpa = G0U0

(2πf)2t3/ ln
(

G0

G(t)

)2

1 + (2πf)2t2/ ln
(

G0

G(t)

)3 , (C.5)

hence, the relation between Qpa and tG (the instant at which G(t) reaches a partic-
ular value) becomes

Qpa = G0U0
K1t

3
G

1 + K2t2G
, (C.6)

where

K1 =
(2πf)2

ln
(

G0

Gt)

)2 ,

K2 =
(2πf)2

ln
(

G0

Gt)

)3 .

Figure 4.18 shows the results of this model, with the parameters from Table C.1.
For simplicity, tG is used as variable, instead of Qpa.

Table C.1: Parameters used in Equation C.6 for the results in Figure 4.18.

Trace 1 Trace 2

G0 .3 mΩ−1 .3 mΩ−1

U0 13 kV 13 kV
f 53.6 kHz 216 kHz
Gt 0.1 mΩ−1 0.1 mΩ−1



Appendix D

Anode temperature model

evaluation

The model presented in Section 6.2.1 simulates the temperature of a copper an-
ode, loaded by a vacuum arc. Since it simulates the melting of copper, it requires
parameters for both solid and liquid copper. Table D.1 lists their values.

Table D.1: Copper parameters

Value Unit Definition

Liquid Solid

α 4.4 · 10−5 10.8 · 10−5 m2/s Diffusivity
λ 174 372 W/(Km) Thermal conductivity
ρ 8000 8960 kg/m3 Mass density

cP 494 384 J/(kgK) Specific heat capacity
A 17650 17870 K Parameter related to Equation (6.7)
B 13.39 10.63 − −
C −1.273 −0.236 1/10 log(K) −
D 0 −0.16 1/K −

Parameters used in this model that are state independent are given in Table D.2

Table D.2: State independent model parameters

Value Unit Definition

mCu 1.06 · 10−25 kg Copper atom mass
H 2.05 · 105 J/kg Latent heat of melting of copper
NA 6.02 · 1023 mol−1 Avogadro’s constant
k 1.38 · 10−23 J/K Boltzmann’s constant
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The model has been solved with the aid of Matlab Simulink. It has been written
as an S-function block, which makes it easy to use in different systems. An S-function
is able to solve ordinary differential equations, but since Equation 6.1 is a partial
differential equation, the spatial dimension is first discretised to obtain a system of
ordinary differential equations. As a result, the model calculates the temperature
at N points that are equally spaced. The linearity of the grid allows the solution of
the system of N equation as

∂T0

∂t
= αS

Q − Lev

λS∆x
+ αS

T1 − T0

∆x2
+ vsur

T1 − T0

∆x
, (D.1)

∂Tk

∂t
= αS

Tk+1 − 2Tk + Tk−1

∆x2

+ vsur
Tk+1 − Tk

∆x
k = 2 . . .N − 2, (D.2)

∂TN−1

∂t
= αS

TA − 2TN−1 + TN−2

∆x2
+ vsur

TA − TN−1

∆x
, (D.3)

where T0 is the anode surface temperature and TA is the (fixed) ambient temperature
at the far end of the anode. The last term in the left-hand side of Equations (D.1)
and (D.2) accounts for the movement of the anode surface due to its vaporisation.
vsur is calculated with Equation (6.10).

As soon as T0 increases beyond the melting temperature, the melting depth is
evaluated by solving Equation 6.8. At this point, the temperature is fixed, which
makes it possible to divide the system of equations into a solid and a liquid part. The
liquid part has a heat source at one end (the anode surface) and the fixed melting
temperature at the other end, whereas the solid part has the melting temperature
at one end, and the ambient temperature at the other end.

xi−1 xi x
i+ 1

2

xi+1 xi+2

Ti−1

Ti Tmelt

Ti+1
Ti+2

s

liquid solid

Figure D.1: Discretisation of the solid-liquid boundary location. s is the location of the
boundary calculated with Equation (6.8), but xi+ 1

2
is used in the model evaluation.

Instead of re-defining the grid at each time-step to accurately model the pro-
gression of the liquid-solid boundary into the anode, the actual boundary is chosen
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as the point right between two existing grid points (see Figure D.1). This makes it
possible to replace Equation (D.3) by the following system of equations

∂Tk

∂t
= αL

Tk+1 − 2Tk + Tk−1

∆x2

+ vsur
Tk+1 − Tk

∆x
k = 2 . . . i − 1, (D.4)

∂Ti

∂t
= αL

2Tmelt − 3Ti + Ti−l

∆x2
+ vsur

Tmelt − Ti

1
2∆x

, (D.5)

∂Ti+1

∂t
= αS

Ti+2 − 3Ti+1 + 2Tmelt

∆x2
+ vsur

Ti+2 − Ti+1

∆x
, (D.6)

∂Tm

∂t
= αS

Tm+1 − 2Tk + Tm−1

∆x2

+ vsur
Tm+1 − Tm

∆x
k = m + 2 . . . N − 2, (D.7)

for 3 ≤ i ≤ N − 3. αS and λS in Equation (D.1) are replaced with αL and λL. The
model also takes into account the case that i = 2, which affects Equation (D.1), but
when i becomes larger than N − 3, the model has already lost its validity, and the
solver returns an error.

The model has been solved with a ode15s solver, with a relative and absolute
tolerance of 10−3. Since some of the parameters required for this cannot be measured
with the available means in this research, this model is unable to exactly simulate
the events of a measurement. Therefore, an approximation suffices, and one of the
consequences is that the optimal spatial grid size ∆x has been determined experi-
mentally. The smaller ∆x, the more accurate the result becomes, but at the cost of
increased computation time. It has been experimentally determined that N = 200
and ∆x = 2.5µm give a reasonable compromise between accuracy and speed of the
solution.

Figure D.2 shows the movement of the solid-liquid boundary, and the movement
of the surface due to vaporisation of the simulation of trace 1 in Figure 6.2b. As
a result of the discretisation of the solid-liquid boundary location, its trace shows
shivery.



128 APPENDIX D

a)

−10 0 10 20 30
0

1

2

3

4
∗103

t [ms]

T
[K

]

b)

−10 0 10 20 30
0

0.2

0.4

0.6

0.8

1.0

t [ms]

s,
s 0

[m
m

] s

s0

Figure D.2: a) Surface temperature, b) the solid-liquid boundary location (s) and the
location of the surface (s0) with respect to their starting position.
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Implementation of the

post-arc current model

Figure E.1 depicts the system block with which the models described in Chapter 6
have been implemented in Matlab’s SimPowerSystems [83, 36]. The block has three
connections, one for the open/close control of the breaker, and two electrical con-
nections. The voltage u across the breaker and the control c are used as input for
a predefined function G(u, c), which calculates the current i. Its output is used to
drive a controlled current source.

a)

1

c
2

in

control
out

b)

G(u, c)
u

c
i i

out

+

−
u

in

control

Figure E.1: a) SimPowerSystems block for circuit use, b) model implementation.

In closed operation, the breaker’s electrical behaviour is simply given as G(u, c) =
G0u, where G0 is a value for its conductance. During a simulation run, the model
walks through a number of phases, each of which determines the breaker’s con-
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ductance differently. As soon as the model arrives at the sheath growth phase, its
behaviour is defined by Equations (6.26), (6.28) and (6.29). This requires solving the
sheath thickness and the current simultaneously, whereas they both depend on each
other. It is a rather elaborate task to derive an explicit function for the conductance
from these equations. The following describes how the breaker’s electrical behaviour
is solved in a different way.

u
c
i

∆i

S(u, c, i)

G(u, c)

+

+
i

u
c

Figure E.2: The model implementation scheme for solving the sheath equations.

Instead of solving the conductance explicitly from these equations, which is quite
difficult, the model makes use of Matlab’s ability to solve an algebraic loop. Fig-
ure E.2 displays how the function G(u, c) is extended, and the idea behind this system
is explained in [84]. The function block S(u, c, i) calculates the sheath thickness s
by integrating the next expression:

ds

dt
=

i

qiniA
− vi, (E.1)

which is Equation (6.26), written in a different way. Equation (E.1) is used in
Equation (6.29) to obtain

U0 =
mi

2qi

(
i

qiniA

)2

, (E.2)

which relates U0 to one variable, i. This result is then used in Equation (6.28) that
is now rewritten as

1 =
4ε0U0(i)

9qinis2

[(
1 +

u

U0(i)

)3/2

+ 3
u

U0(i)
− 1

]
, (E.3)

0 = 1 −
4ε0U0(i)

9qinis2

[(
1 +

u

U0(i)

)3/2

+ 3
u

U0(i)
− 1

]
, (E.4)

0 = F (u, i, s). (E.5)
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In other words, u, i and s have to be adjusted in such a way that F (u, i, s) remains
zero. The model uses F (u, i, s) for ∆i in Figure E.2, so that this is done automatically
by Matlab.

In addition to solving the sheath equations, the model in Figure E.2 can also be
used for the first example, when the breaker is closed, by writing ∆i as

∆i = i − G0u. (E.6)

As explained before, the model progresses through a number of states during a
simulation. Figure E.3 shows the simplified flowchart of the model, and it shows
how ∆i is calculated in each state. The time frames corresponding to the states are
illustrated in Figure E.4, where the size and duration of the post-arc current have
been exaggerated to improve the visibility of states 3 and 4.

The model also contains algorithms to handle a different polarity of the current
and voltage, as well as an algorithm to ensure the accuracy of its results. It also
allows the implementation of the anode temperature model of Section 6.2.1 and the
model for the ion density ni, as described in Section 6.2.2.
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Figure E.3: The simplified flow-chart of the post-arc current model.
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Figure E.4: Illustration of a simulation run. The numbers refer to the model’s phases, as
in Figure E.3.
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Sheath capacitance model

The evaluation of the sheath capacitance is done according to the method used
in [53], p.440. In the case that the ion energy at the plasma-sheath edge is small
compared to the applied potential, the ion energy and flux conservation equations
can be written as

1

2
miv

2
i (x) = −qiφ(x), (F.1)

qini(x)vi(x) = J0, (F.2)

where vi(x) is the ion velocity inside the sheath, φ(x) is the potential (defined 0 at
the plasma-sheath edge and −V at the cathode) and J0 is the constant ion current
density. Solving Equations (F.1) and (F.2) for ni(x) results in

ni(x) =
J0

qi

(
−

2qiφ

mi

)
−1/2

. (F.3)

Using this in Poission’s equation (d2φ/dx2 = −qini(x)/ǫ0) gives

d2φ

dx2
= −

J0

ǫ0

(
−

2qiφ

mi

)
−1/2

, (F.4)

where ǫ0 is the permittivity in vacuum. Multiplying Equation (F.4) with dφ/dx and
integrating from the plasma-sheath edge to the cathode gives

1

2

(
dφ

dx

)2

= 2
J0

ǫ0

(
2qi

mi

)
−1/2

(−φ)1/2, (F.5)

where it is assumed that dφ/dx = −E = 0 at the plasma-sheath boundary.
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The sheath capacitance is written as

Csh =
dQ

dV
= ǫ0Aeff

dE

dV
, (F.6)

where Q is the charge on the cathode, V is the sheath voltage, Aeff is the effective
cathode area, as defined in Equation (6.36), and E is the electric field at the cathode.
Equation (F.5) is rewritten as

E = 2

(
J0

ǫ0

)1/2 (
miV

2qi

)1/4

, (F.7)

then differentiated with respect to V and used in Equation (F.6), to find the sheath
capacitance as

Csh =
1

2
(ǫ0J0)

1/2

(
mi

2qi

)1/4

AeffV −3/4. (F.8)

The current density is equal throughout the sheath, and since ions are assumed to
enter the sheath at Bohm velocity (Equation (6.30)), Jo from Equation (F.2), and
Equation (F.8) can be rewritten as

Csh =
K

V 3/4
, (F.9)

where

K ≈ 0.42 (qiniǫ0)
1/2

(
kTe

qi

)1/4

Aeff . (F.10)
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