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Abstract
In the last decades, the vacuum switching technology has established itself as the standard in the medium

voltage level (Us ≤ 52kV). However, at higher voltages, this technology is not yet competitive to the cur-

rent SF6 switching technology. Especially during switching of capacitive loads, a high number of restrikes

(dielectric breakdowns) occur. This capacitive switching duty is dielectrically the most challenging for a

vacuum circuit breaker and tested widely. However, the interpretation of these tests are difficult due to

the absence of suitable diagnostic tools. Therefore, the present thesis deals with the development of a

suitable test environment to investigate 72.5 kV vacuum circuit breakers.

Based on experiences from the medium voltage level and established research findings in the field of

restrikes two main requirements have been derived:

1. The synthetic test circuit needs to be realized using only test transformers. This is necessary to

achieve a high number of test series because the use of power transformers is limited and not

economical. In case of a capacitive switching duty, this limitation effects the generation of the

recovery voltage and how it is applied to the test object. The recovery voltage itself consists in

equal parts of a direct and alternating voltage component and must be applied precisely during

its voltage zero crossing. This has been realized using two independent voltage sources and a

voltage-making switch that has been specially designed for this purpose.

2. A simultaneous detection of field-emission currents and charged micro-particles is needed. Both

phenomena can cause restrikes but are not necessarily independent from each other. To measure

field-emission currents, a proven concept from the medium voltage level has been adapted towards

a high number of capacitive switching operations in rapid succession. This has been achieved by

exploiting the separate generation of current and voltage of a synthetic test circuit. Based on their

identical interaction with the test circuit, micro-particles have been detected using partial discharge

measurement equipment. As a consequence, the whole test environment must have a low partial

discharge level to enable this detection.

Within this work, the measurement systems as well as the test circuit have been commissioned and

tested. It was possible to demonstrate the simultaneous detection of micro-particles and field-emission

currents (≥ 100 µA). Furthermore, a best practice has been defined for future investigations. Based on

first measurements, micro-particle activity up to a second after a switching operation could be observed.

In addition, it has been shown, that the recovery voltage can be applied to the test object precisely

(±100 µs) at the voltage zero crossing with an additional voltage-making switch. Thus, the main negative

aspect in their generation, which arise from the use of test transformers, can be compensated.
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Kurzfassung
In den letzten Jahrzehnten hat sich die Vakuumtechnologie als Standard für Leistungsschalter in der

Mittelspannung (Us ≤ 52 kV) etabliert. Allerdings ist diese Technologie bei höheren Spannungen gegen-

über der gängigen SF6-basierten Schalttechnik noch nicht konkurrenzfähig. Insbesondere beim Schalten

von kapazitiven Lasten kommt es vermehrt zu Rückzündungen (dielektrischen Versagern). Diese Schalt-

handlung ist die dielektrisch kritischste Herausforderung für einen Vakuumleistungsschalter, wodurch

sie gezielt experimentell untersucht wird. Allerdings ist die Interpretation dieser Tests durch das Fehlen

geeigneter Diagnosewerkzeuge entscheidend behindert. Aus diesem Grund befasst sich die vorliegen-

de Dissertation mit der Entwicklung einer eigens für diese Untersuchung geeigneten Prüfumgebung für

72.5 kV Vakuumleistungsschalter.

Anhand von Erfahrungen aus der Mittelspannung und etablierten Forschungsergebnissen in Bezug auf

Rückzündungen konnten zwei Hauptanforderungen für diese Prüfumgebung abgeleitet werden:

1. Der synthetische Prüfkreis muss mit Testtransformatoren realisiert werden. Dies ist notwendig,

um eine hohe Anzahl von Messreihen zu erreichen, da die Nutzung von Leistungstransformatoren

limitiert und nicht ökonomisch ist. Im Fall des kapazitiven Schaltens beeinflusst dies lediglich auf

die Erzeugung und Zuschaltung der Wiederkehrspannung. Diese besteht zu gleichen Teilen aus

Wechsel- und Gleichspannung und muss exakt im Spannungsnulldurchgang zugeschaltet werden.

Realisiert wurde dies durch die Nutzung unabhängiger Spannungsquellen und einen eigens hierfür

entwickelten präzisen Spannungszuschalter.

2. Eine zeitgleiche Detektion von geladenen Mikropartikeln und Feldemissionsströmen ist notwen-

dig. Beides sind Mechanismen, die Rückzündungen verursachen können, aber nicht unbedingt

exklusiv voneinander auftreten. Zur Messung von Feldemissionsströmen wurde auf eine bewährte

Methode der Mittelspannung zurückgegriffen, die speziell für eine hohe Anzahl von schnell aufein-

anderfolgenden kapazitiven Schalthandlungen angepasst wurde. Dies konnte durch Ausnutzung

der separaten Strom- und Spannungserzeugung bei synthetischen Prüfkreisen erreichet werden.

Auf Grund des physikalisch ähnlichen Erscheinungsbildes wurde die Detektion von Mikropartikeln

mit Hilfe von etablierter Teilentladungsmesstechnik realisiert. Als Konsequenz muss die gesamte

Prüfumgebung einen geringen Teilentladungspegel aufweisen, um diese Detektion überhaupt zu

ermöglichen.

Im Rahmen dieser Arbeit wurden sowohl die Messsysteme als auch der Prüfkreis aufgebaut und er-

probt. Es konnte gezeigt werden, dass eine zeitgleiche Detektion von Mikropartikeln und Feldemissi-

onsströmen (≥ 100 µA) möglich ist. Des Weiteren konnte für zukünftige Messungen eine geeignete

Vorgehensweise abgeleitet werden. Anhand von ersten Messungen konnten mögliche Mikropartikel-

Aktivitäten bis zu meheren Sekundes nach einer Schalthandlung detektiert werden. Darüber hinaus

konnte gezeigt werden, dass die präzise Zuschaltung (±100 µs) der Wiederkehrspannung im Spannungs-

xi



nulldurchgang möglich ist. Hierdurch kann die negative Hauptauswirkungen eines Testtransformators

bei der Erzeugung der Wiederkehrspannung kompensiert werden.
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1 Introduction
Today’s society strongly depends on the reliable supply of electricity. This is, for the most part, achieved

by transnational high voltage integrated networks [OO04]. For example, the Synchronous grid of Con-

tinental Europe transferred power to customers in 24 countries with an overall power peak of 528 GW

in the year 2015 [EE15]. Beside other electrical equipment, switches are needed within these networks

to direct the power flow. The actual reasons for a switching operation are diverse and range from nor-

mal service operations, maintenance, insulation of network sections to the clearance of fault currents

[SvK+15]. Based on this, different types of switches are used due to economical and practical aspects

[Gre11]. Among these types, the circuit breaker is faced with the highest demands regarding the swit-

ching capability. These include normal load switching as well as breaking and making of short circuit

currents.

In the last decades, especially since the Kyoto Protocol, the energy sector is undergoing a fundamental

structural change. From the generation to the consumption of electric energy, environmental aspects

become more and more important. Consequently, there are new and additional restrictions for future

(circuit) breakers. Particularly a green-house gas free design, with low maintenance requirements and a

long service life, are the main concern. These requests are already fulfilled in the medium voltage level

(Us ≤ 52 kV) by vacuum breakers. However, mainly due to dielectric issues, they are not yet established in

the high voltage level. Here, breakers, based on the SF6 switching technology, must be used to guarantee

the supply reliability of the power grid. Due to the fact that SF6 is one of the worst green-house gases1, a

significant amount of the latest research and development efforts are focused on establishing the vacuum

switching technology at higher voltage levels [LWX+07], [GRRT12], [Sie12a], [YWG+16]. [CIG14]

The most demanding dielectric switching stress for a vacuum circuit breaker is the switch off of a

capacitive load [CIG14]. This is manifested in an increased occurrence of late dielectric breakdowns (so-

metimes hundreds of milli-seconds after a successful current interruption) which can be initiated by

field-emission currents and/or micro-particles [Sla08]. Thus, dielectric tests under these conditions are

of great importance. For this purpose, often synthetic test circuits (instead of direct ones) are used. These

test circuits take advantage of the fact that switches are stressed with high currents and low voltages

during a closing, closed or opening2 position while the opposite occurs in an open position. Therefore,

a single (direct) power source can be replaced by two sources, where one is optimized for high voltage

and the other one for high currents. Thus, the power demand of a synthetic test is considerably reduced

compared to that of a direct test. [SvK+15]

Currently, dielectric investigations of vacuum circuit breakers above the medium voltage level are

facing two problems. First, the generation of the special recovery voltage3 of a capacitive load switching

is more and more challenging. This is caused by the necessity to use high voltage test transformers due

to economical and practical reasons. However, these transformers have a significantly reduced rated
1 global warming potential for 100 years (GWP100): 23900 [SMI97]
2 provided that an arc is burning between the contacts
3 consists to equal parts of a direct as well as an alternating voltage component
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current (compared to a power transformer) which leads to power limitations and distortions in the

output voltage in case of a high current steepness. Second, with the exception of a field-emission current

measurement, adequate diagnostic tools are absent, which could be used in a capacitive load switching

test. Thus, a detailed analysis of the late-breakdown phenomena is made more difficult.

Within this work, a test environment is presented to investigate the phenomena of late-breakdowns in

72.5 kV vacuum circuit breakers during capacitive load switching. For this purpose, a (low power)4 syn-

thetic test circuit is used. Compared to test environments utilized in the medium voltage level [DGK+04],

[KLKG07], [KHK10], [YGL12], [DYTM14], the following core features are enhanced or newly added.

First, the recovery voltage has been improved regarding the decay of its direct voltage component.

Second, the existing field-emission current measurement principle has been adapted towards a high

number of capacitive switching operations in rapid succession. Third, a measurement system to detect

micro-particles has been defined and implemented. Fourth, concepts have been developed and tested to

use both measurement systems simultaneously.

4 due to the use of a test transformer
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2 Fundamentals
This chapter starts with a brief introduction of the basic working principle, the structure and the internal

field distribution of a vacuum circuit breaker. This is followed by a discussion about the internal dielectric

breakdown of a vacuum circuit breaker. Afterwards, the characteristics of a making and breaking arc in a

vacuum environment are presented. The chapter closes with a discussion regarding the issues associated

with the switching of capacitive loads in the electrical power grid.

2.1 Vacuum circuit breakers

A vacuum circuit breaker (VCB) is a mechanically operated switch. Its working principle is based on the

opening and closing of a pair of contacts in a high-vacuum environment1. Due to the physical characte-

ristics of this vacuum environment, no arc quenching and insulation medium is required. Compared to

other switching technologies, this makes the design simpler and decreases the drive energy required to

operate the contacts [CIG14]. This results in various advantages, e.g. the possibility of frequent switching

operations, low life-cycle-costs, excellent arc quenching capabilities and nearly maintenance free opera-

tion. Therefore, the vacuum technology is now well established in the medium voltage level. Above this

voltage level, for voltages at 72.5 kV and 145 kV, VCBs are available [BGW+12], [Sie12a], but, except

for Japan and China, they are not widely used. [SvK+15], [Lip03], [Fal06], [LWX+07], [Sla08]

Abbildung 2.1 shows a typical design of a 72.5 kV live-tank VCB. It is based on two components: the

pole assemblies and the operating mechanism box. The pole assemblies consist of the vacuum interrupter

(VI), the upper and lower grid terminal, a porcelain enclosure and an insulation gas. The porcelain

enclosure provides the mechanical support for the VI and the upper grid terminal. It also serves as a

pressure vessel for the external2 insulation gas which is needed to ensure a compact design of the VI.

The operating mechanism box provides the energy for the switching movement which is transferred to

the VI’s movable contact via an operation rod. A spring between the VI and the rod is used to provide

a contact force at closed position and to reduce the mechanical shocks during switching. For reasons

of insulation, the pole assemblies are mechanically fixed to the operation mechanism box by insulators.

[Sie10] [Lip03]

In Abbildung 2.2 a typical cross section of a VI3, the switching element of a VCB, is shown. It is

based on a vacuum-tight enclosure made of ceramic and metal parts. During the manufacturing pro-

cess, all parts are hermetically soldered together while the inside is evacuated to a pressure less than

1× 10−7 mbar. The electric switching is done by a pair of electric contacts inside the enclosure. Usually

one of the contacts is fixed and the opposite one is movable. To ensure this movement while maintaining

the integrity of the vacuum environment, a metal bellow is used. [SvK+15]

1 hereafter referred to as vacuum
2 with respect to the VI
3 also named vacuum bottle or vacuum tube

3
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Abbildung 2.1: Example of a 72.5 kV vacuum circuit breaker (live-tank); adapted from [Sie12b]
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VIs use only one pair of contacts to conduct and interrupt the current as well as to insulate the vol-

tage. To ensure a low resistance when the contacts are closed, larger contact diameters4 and certain

contact forces are necessary. After contact separation under load, an arc will ignite between the con-

tacts. This arc vaporizes the contact material and thereby damages the surface. To limit this damage, the

energy input is distributed over the whole contact surface. This is achieved by using specially designed

contact systems. Towards current zero, the energy input to the arc decreases until the vaporization of

contact material stops and the arc extinguishes. Within micro-seconds, charge carriers recombine and

the dielectric strength of the gap is restored. The remaining metal vapor will condensate at the interior

of the enclosure. Therefore, an additional metal shield5 is required to protect the ceramic surface from

conductive layers of condensed metal vapor. [SvK+15] [Kap11] [Sla08]

The electric field distribution of a VI can be compared to that of a plate-plate capacitor [Sla08]. Thus,

the homogeneous part of the electric field strength Evac between the contacts is given by

Evac =
uvac

dvac
(2.1)

where uvac is the applied voltage and dvac the gap distance [KSW13]. Due to the presence of the vapor

shield, the electric field outside and at the edge of the contacts differs. The electric field Ec at the contact

surface is further enhanced, for example, by micro protrusions [Lat95]. This can be expressed and linked

to the homogeneous field strength with the total field enhancement factor β.

Ec = β ·
uvac

dvac
= βg · βm ·

uvac

dvac
(2.2)

It can be separated into the macroscopic (geometric) enhancement factor βg and the microscopic enhance-

ment factor βm [Sla08].

Macroscopic (geometric) field enhancement
The factor βg describes the field enhancement on a macroscopic level. It is influenced by the design and

the surrounding environment of the VI. The main influence factors are as follows:

• the gap distance

• the distance of the contacts to the vapor shield

• the radius of the contacts

• the edge radius of the contacts

• the type of contact system

• the potential of the vapor shield

The value of the macroscopic enhancement factor can be estimated numerically. A modern VI has a value

of βg below 10. [Sla08]

4 compared to other switching technologies
5 in addition to the usual field grading methods
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Microscopic field enhancement
The factor βm describes the field enhancement on a microscopic level. It is determined by various factors

such as:

• the composition of the electrical contact material, its impurities and contamination

• the structure and the roughness of the electrical contact surface

• the manufacturing process of the VI

In general, the cause of this field enhancement is very sensitive to any electrical, thermal or mechanical

stress. Consequently, it changes constantly in a VI. Thus, an exact determination is impossible. However,

experiments have observed the range of the microscopic enhancement factor βm to be 100−300. [Sla08]

[Lat95]

2.2 Dielectric breakdown in vacuum

Every dielectric breakdown needs a trigger charge, first to initiate the breakdown, and, second, an electric

field to provide the energy during the breakdown. In addition, negative and positive charge carriers

(at least electrons and positive ions) have to be created in a self-sustaining process to form a plasma

[SBM95]. In order to maintain the quasi-neutrality of the plasma, the amount of negative and positive

charge carriers created has to be equal. Compared to an electric breakdown in gas, the physical processes

of a dielectric breakdown in vacuum are different, more complex and not yet completely understood.

One difference lies in the initiation of the breakdown. While a breakdown in gas can be triggered by

a few electrons somewhere in the gas volume [Küc09], a breakdown in vacuum usually requires more

energy and is initiated at the contact surface [SvK+15]. Another difference is the supply of ionizable

gaseous matter. In a gas breakdown, the gas itself can be ionized [Küc09]. In a vacuum breakdown, all

this matter has to be released first. Due to the low particle density in vacuum, the only source for this is

the vaporization of the contact material [SvK+15]. Thus, a breakdown in vacuum is strongly influenced

by the electric field at the contact surface, the contact properties, the contact history and the internal

pressure. [Sla08]

In general a breakdown in vacuum may be separated into two stages [JS81]:

1. Ignition state: various pre-breakdown effects generate a microscopic plasma cloud in the discharge

path.

2. Spark state: the ignition is further developed and expands throughout the whole discharge path.

This leads to an almost complete collapse of the voltage because all available electrical energy,

stored in the nearby (parasitic) capacitances, is consumed.

Depending on the external circuit, the spark phase may further evolve to a metal vapor arc with a very

small arc voltage [JS81].

2.2.1 Pre-breakdown effects

Pre-breakdown phenomena have many origins and forms. However, they can be separated roughly into

an electron source and into a supply of ions and metal vapor.

6 2 Fundamentals



Supply of electrons

Electrode arrangements in vacuum have only one effective source of electrons which is the cathode. Here,

electrons exist, which are usually not able to leave the contact surface because they cannot overcome its

potential barrier [Kuc07]. However, in the presence of strong electric fields (Ec > 1 GV m−1), the potential

barrier becomes lower and narrower. Now, based on the quantum mechanical tunneling mechanism,

electrons have a finite probability to be emitted into the vacuum6. As electrons are emitted at a certain

area in a certain time, this results in a current density jfe. For VIs, this field-emission current density jfe
can be satisfactorily expressed with the Fowler-Nordheim (FN) equation

jfe = Kfe1 · E2
c exp

�−Kfe2

Ec

�

(2.3)

where Kfe1 and Kfe2 are constants. In a first approximation, they depend only on the work function ϕc of

the pure metallic contact material7. [Sla08]

Kfe1 =
1.54× 10−6 · 104.52(ϕc

eV )
−0.5

ϕc
eV

(2.4)

Kfe2 = 6.53× 109 ·
�ϕc

eV

�1.5
(2.5)

Under the assumptions that the emission site has a certain area Ae and that there is only one emission

site on the cathode, jfe can be expressed as

jfe =
ife
Ae

. (2.6)

With Equation (2.2) and Equation (2.6), the FN equation can be transformed into

ife
Ae
= Kfe1 ·

�

βgβmuvac

dvac

�2

exp

�

−Kfe2dvac

βgβmuvac

�

. (2.7)

Thus, with a current, voltage and gap distance measurement, the quality of the contact surface can

be evaluated. To interpret the data, it is useful to plot 1
Evac

against log10

�

ife
E2

vac

�

. This FN plot is shown

in Abbildung 2.3a. Here, the non-linear relationship results in a straight line with its slope mFNp and

intersection with the ordinate bFNp. These parameters can be used to estimate the emission area Ae,est

and the field enhancement factor βest with the following equations:

βest = −
Kfe2

mFNp
(2.8)

6 Besides this mechanism, electrons can also be released by ions bombarding the cathode [MVG02].
7 Within this work, a contamination of the contact surface, for instance with insulation layers [Lat95], is not taken into

account.
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Abbildung 2.3: Fowler-Nordheim plot with general properties (a) and typical influences (b); adapted
from [Sla08], [Lat95]

Ae,est =
ebFNp

β2
estKfe1

(2.9)

Due to the inverse proportionality with the electric field strength Evac, the intersection cannot be mea-

sured. As a consequence, it has to be obtained by extrapolating data from section II into section I of

Abbildung 2.3a. [Sla08]

A FN plot does not always result in a straight line. Influences, caused by additional phenomena which

change the field-emission current density, bend the line. This is shown in Abbildung 2.3b. For instance,

an increased slope can be caused by positive ions in the vicinity of the cathode, while a decreased one

might be the result of an electron space charge effect. The latter is referring to the Child’s law which

describes the reduction of the surface field strength Ec caused by the electrons in the field-emission

current [HSM07]. Furthermore, a typical emission area, compared to the contact surface of a VI, is

extremely small. Thus, usually more than one emission site exists [TS98]. Therefore, estimations of the

emission area as well as the field enhancement factor have to be treated as effective values. [Sla08]

Supply of metal vapor and positive ions

The supply of metal vapor is essential for a breakdown in vacuum because its ionization is the only source

of positive ions. It can be provided by vaporization of either metallic surfaces or metallic micro-particles8.

Micro-particles are always present in a VI due to the manufacturing process; but they are also constantly

(re-)created by each switching operation. For example, micro-particles with radii up to several tens of

micro-meters can be produced by normal operation currents [KSF+95]. Usually, they are attached to a

surface, but can be released by mechanical, thermal or electrical stress. In the following, the relevant

possibilities leading to the generation of an initial plasma cloud are described. [Sla08]

8 The influence of non-metallic micro-particles is not yet determined.
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At the cathode, the field-emission current density causes a temperature rise of the emission site due to

Joule heating. This temperature rise might exceed the melting and boiling point of the contact material.

The result is an eruptive evaporation of the emission site. Now, the field emission electrons can easily

ionize the metal vapor due to its low ionization energy9. Besides an emission site at the surface, especially

small10 metallic micro-particles close to the cathode also increase the electric field strength and, thereby,

may initiate a similar phenomenon [KBFO00]. [Sla08]

At the anode, field emission electrons arrive with energies up to several tens of keV. With these energy

levels, electrons are able to penetrate the surface. Given the nature of the electron beam, the energy is

deposited in a small volume. One consequence is an increase in pressure of the small volume which may

result in an explosive evaporation. Another possibility is that the increase in temperature weakens the

mechanical surface strength which results in the release of a micro-particle. This micro-particle will move

away from the anode due to the electric field. The ongoing bombardment of electrons from the beam

will heat the micro-particle which may end in a vaporization. Due to the micro-particle’s movement, the

final vaporization does not have to be close to the anode11. In contrast to the ionization of metal vapor

in front of the cathode, electrons originating from the cathode are not able to ionize the metal vapor

directly due to their high velocity. Therefore, these electrons have to be slowed down, for example, by

collisions with other atoms. Another possibility is the emission of new electrons with only a few eV from

the molten metal droplets due to thermal field emission. [Sla08], [Lat95]

Furthermore, the impact of a micro-particle on a contact surface can assist in a dielectric breakdown.

This effect depends on the impact velocity vi, which for a spherical micro-particle, is given by

vi =

√

√

√

3Qpuvac

2πr3
pρp

(2.10)

where Qp is the micro-particle’s charge, ρp its density and rp its radius. The field-induced surface charge12

Qp of such a micro-particle, which has been lifted off13 from a contact surface can be calculated according

to Equation (2.11) [Lat95].

Qp = 6.6πε0Ecr2
p (2.11)

Given the critical impact velocity vc of the contact material14, there are three scenarios that can hap-

pen [Sla08]:

1. Low-impact velocities (vi < vc) result in an elastic deformation of the contact surface. The micro-

particles themselves can either stick to or bounce off the surface. If this impact happens at the

cathode15, this leads to an increased field emission due to local field enhancement.

9 ionization energy of Cu is < 10 eV [WWH01]
10 aerosol micro-particles in the sub-micron range
11 same results if the micro-particles cross randomly the electron beam
12 differs from a charge in free space
13 Usually, the electric field strength required to lift a micro-particle from a surface, is less than the one needed for a

dielectric breakdown provided their radii are in the range of 1 µm to 10 µm [MS74].
14 critical impact velocity for Cu approx. 200 m s−1 for a spherical particle [Coo58]
15 Usually, 90% of the micro-particles originate from the anode [EC83].
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2. Intermediate velocities (vc < vi < 5vc) result in a permanent deformation of the contact surface.

The micro-particles themselves are consumed in the process. However, secondary micro-particles

may be released while the deformation may result in a local field enhancement.

3. High impact velocities (vi > 5vc) result in a complete vaporization of the micro-particles.

In addition, gas molecules are always embedded in the metal structure of the contacts. Supported by

a micro-particle bombardment or a field emission beam, these gas molecules can be released from the

bulk. This mechanism may also result in the creation of a plasma cloud. [Lat95]

It is important to note that the impact velocity is linked to the voltage uvac across the VI. Thus, the

pre-breakdown effects in vacuum depend on the voltage as well as on the electric field strength. As a

result, scaling16 of an existing VI towards higher voltages might be more extensive compared to one

based on SF6 insulation. There, the breakdown is only field dependent [Küc09].

2.2.2 Transition to breakdown

When a VI is connected to an external circuit, the pre-breakdown effects mentioned above can progress

in different ways. They can evolve into a self-limiting current pulse, a non-sustained disruptive discharge,

a full breakdown, or they can simply die off. In the following, the most important aspects are summarized

briefly:

• Self-limiting current pulse: A typical example is a micro-discharge which is shown in Abbildung 2.4.

Its duration varies and can be up to 100 ms with an amplitude usually up to 100 mA. Due to its
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Abbildung 2.4: Example of a micro-discharge; adapted from [KH89]

transient character, its appearance is strongly influenced by the test environment. [Sla08]

• Non-sustained disruptive discharge (NSDD): An increase of the electric field strength17 usually leads

to an intensification of the pre-breakdown effects. The growth of the initial plasma cloud can now

easily expand between the contacts. At a certain point a discharge occurs. Unlike in a gaseous

medium, where this discharge is automatically self-sustained18, in a vacuum environment it can

16 from a dielectric point of view
17 for instance, by increasing the voltage or decreasing the gap distance
18 if the electric field is not highly inhomogeneous
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be non-sustained. Such a NSDD consumes close to all energy stored in the electric field between

the contacts which leads to a collapse of the voltage. However, the resistance of the discharge

path is still sufficient that even in a electrical circuit with a small impedance no arc is formed

[JS81]. [Sla08]

• Full breakdown: A full breakdown evolves initially similar to a NSDD. The differences lie in the

supply of electrons and metal vapor as well as in the ionization mechanism. If they are efficient

and fast enough, the initial discharge becomes self-sustained. Now its resistance reaches values

below a typical grid impedance which allows the formation of an arc. [JS81]

However, closed theories for all listed phenomena are not yet available [Sla08], [SvK+15].

2.2.3 Special case of an insulator flashover

Besides a breakdown between the contacts, a flashover along the insulator in vacuum is also possible.

For materials, currently used in VIs, this breakdown mechanism originates from the cathode side triple

point [Gie03]. The triple point, itself, consists of vacuum, the metal of the shield and the material of the

insulator19. It has, compared to the insulator individually a reduced dielectric strength. Thus, electrons

are easily emitted [Küc09] from the triple point. There are many theories as to how these electrons may

initiate a flashover [Mil15] [Lat95]. They all have in common the secondary electron emission and the

interaction with gas molecules. Here, secondary electron emission occurs when accelerated electrons

release additional ones by colliding with the insulator. This builds up to an electron avalanche20 which

is further enhanced by the positive space charge left in the insulator by the released electrons. Under

normal circumstances, gas molecules exist inside the insulator or as adsorbed layers. By interaction

with the bombarding electrons, these molecules become desorbed and ionized. The so obtained positive

ions move, against the electron direction, towards the triple point and enhance the emission. The final

flashover takes place in this small layer of desorbed gas similar to a gas discharge.

2.3 Electric arcs in a vacuum environment

VCBs have to switch off (breaking operation) and switch on (making operation) load currents as well as

fault currents. At contact separation, an electric arc inside the VI ignites. The arc itself is a plasma which

is maintained by ionizing metal vapor gained from vaporizing contact material. Thus, the arc burning

between the contacts in a vacuum environment is called metal vapor arc. The arc power is proportional

to the current due to its relatively low21 and roughly constant burning voltage. For this reason, VCBs are

still designed to extinguish arcs at the next natural current zero and withstand the arcing phase with a

minimum loss of integrity. During its lifetime, the metal vapor arc occurs in different modes, depending

on the arc current. [SvK+15]

19 almost exclusively the ceramic Al2O3
20 Compared to a metal, an insulator may release up to 15 new electrons [KE65].
21 compared to the system voltage of the distribution and transmission level

2.3 Electric arcs in a vacuum environment 11



2.3.1 Arcing during opening operation

The contact surface of a VI is rough. Even in closed position, only certain areas of the contact conduct the

current. During contact separation, these areas are reduced until the last one vaporizes due to the high

current density. The result is a molten metal bridge arc with a high vapor density between the contacts.

After a short time, the initial metal vapor is completely ionized and the charge carriers are drained by

the external circuit. In order to maintain the arc, a new process to generate charge carriers has to be

established. The formation of such a process depends strongly on the current and results in different arc

modes. [Sla08]

Independent from the current amplitude is the formation of individual emission sites on the cathode

(see Abbildung 2.5). Like other electric arcs, the plasma of the metal vapor arc does not directly interact

SHEATH EDGE

CATHODE
SURFACE

emitted 
electrons

N N
NN

+
+

+

+ + + + + + ++

+

+

+

+
+

+
+

+

+

CURRENT

CATHODE SPOT
CATHODE
SURFACE

SH
E

A
T

H

vaporized 
atoms

e
e e

e

e

e

e e

e

e
e

e

e

e

e

e

positive 
ions

Abbildung 2.5: Idealized geometry and structure of a cathode emission site; adapted from [SvK+15]

with the cathode surface. Instead, it is shielded by a positive space charge region, called the cathode

sheath, which is usually formed on top of a cathode spot. The cathode spot refers to an area with molten

and partially vaporized contact material. It is characterized by its short life-time22, small diameter (few

tens of micro-meters), high current density, random movement and random appearance across the sur-

face. Due to its high temperature, the cathode spot is able to emit electrons by thermal field emission.

Both the metal vapor and the electrons are accelerated away from the cathode spot by the vapor pressure

and the electric field, respectively. After passing the cathode sheath edge, electrons have gained enough

energy to ionize the metal vapor. Thus, new electrons and positive ions are created. Due to their mass

difference, positive ions move slower compared to electrons and, thereby, maintain the space charge

22 Currently, no exclusive physical model exists to describe the creation and the life-time behavior of a cathode spot. In
fact, two models exist which describe the creation by a stationary cathodic evaporation and a non-stationary explosive
generation of material.
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region. Approximately 90 % of all positive ions are accelerated towards the cathode and bombard the

cathode spot. In combination with the Joule heating of the field-emission current, those two mechanisms

are the primary power source of a cathode spot. Depending on the contact material, a cathode spot re-

quires a minimum current to maintain its integrity. Besides the minimum current, it also has a maximum

current value before an additional cathode spot is formed. [SvK+15]

Without artificial magnetic fields, a metal vapor arc can be separated into two basic modes: the diffuse

arc mode and the constricted arc mode. [Lip03]

Diffuse arc mode
The diffuse metal vapor arc is a unique aspect of an arc burning in a vacuum environment. It develops

at low currents, typically below 10 kA, and is a collective of various independently burning arcs. The arc

itself consists of a cathode emission site and a cone shaped plasma (see Abbildung 2.6a). In the diffuse

anode

cathode

(a)

anode

cathode

(b)

anode

cathode

(c)

Abbildung 2.6: Different arc modes: (a) diffuse, (b) diffuse with constriction at the anode, (c) constricted;
taken from [SvK+15]

mode, the anode functions only as a passive collector. Therefore, the arc is strongly influenced by the

properties of the cathode spot. The number of parallel arcs is determined mainly by the contact material

and structure23. One special characteristic is the cathode spot’s retrograde motion which is directed in

opposite direction as proposed by the Lorentz force. Therefore, cathode spots repel each other and move

towards the contact edge and cease to exist. While this phenomenon is not yet completely understood, it

is, in general, useful in a VI. It distributes the thermal stress over the whole contact surface which avoids

local hot spots and results in a low erosion rate. [SvK+15], [Lip03]

Towards current zero, the number of parallel arcs decreases. At a certain point, only one arc with one

emission site is still active. As described, a cathode spot requires a minimum current to exist. Thus, it

will cease to exist prior to the natural current zero. This results in a chopping current with amplitudes in

the range of 2 A to 10 A depending on the contact material and the circuit configuration. [Hal13]

After the diffuse arc has been extinguished, plasma and metal vapor is still present between the con-

tacts. Another unique characteristic of the metal vapor arc is the high ion speed. Thus, the plasma

disappears within several micro-seconds by recombination of charged particles and condensation of

metal vapor. During this time, the plasma is still conductive. In combination with an applied vol-

tage, these particles are accelerated again. This causes post-arc currents which re-ionize the plasma

23 A cathode spot on a copper surface can carries up to 100 A before a second one is formed [Lip03].
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due to the thermal losses. If the re-ionization rate exceeds the recombination rate, the arc may igni-

te again. [SvK+15], [Sla08]

Constricted arc mode
A diffuse arc develops gradually into a constricted arc with an increase of the arc current. First, the high

number of individual arcs leads to a partial overlap of the plasma cones in front of the anode. Their

self generated magnetic fields cause the plasma to constrict (see Abbildung 2.6b), resulting in several

bright spots on the anode. With a further increase in current, all spots will merge. The final anode

spot produces a thermal stress that reaches the boiling point of the contact material. Thus, a second

source of metal vapor is created. Due to the magnetic pinch of the arc, also at the cathode a single

spot is formed. The result is a constricted arc with a well defined arc column (see Abbildung 2.6c). The

constricted arc will remain in this mode until the current is decreased. Then, it re-develops into a diffuse

arc. [SvK+15], [Sla08]

In contrast to a diffuse arc, constricted arcs usually do not move across the contact surface. The

result is an extensive localized thermal stress with a high erosion rate. For instance, this causes an

increased wear and a significant reduction in switching capability. The latter are the result of former

anode hot spots becoming cathode hot spots after the current interruption due to a polarity change of

the applied voltage. These cathode hot spots can cause a dielectric breakdown or reignite the arc due

to extensive thermal field emission (see Section 2.2). Therefore, constricted arcs are manipulated by

artificially created magnetic fields. Currently, two types of magnetic fields are used in VIs. The first one

is a radial magnetic field which forces the arc into circumferential motion at the contact edge due to the

Lorentz force. The thermal stress is now distributed across the whole edge region of the surface. The

second one is an axial magnetic field which counteracts the self-constriction of the arc. Thus, the arc is

kept in a diffuse mode even at higher currents. [Lip03]

2.3.2 Arcing during closing operation

During a making operation, the VI’s contacts move from the open position to the closed position. The

movement of the contacts is usually not synchronized with the voltage. Therefore, the electric field may

increase while the gap distance decreases. At a certain point, this leads to a dielectric breakdown which

can further develop into an electric arc. If an arc is formed, it will burn until the next current zero crossing

or until the contacts touch each other. In the first case, another arc may be ignited after a certain time

based on the same principle as before; or, the thermal stress of the former arc was high enough to cause

an immediate re-ignition.

When these thermally stressed contacts touch each other, the arc roots may cause the contacts to

weld together [Kör08]. In this case, the breaking of the welding forms new micro protrusions when

the contacts are separated again. Thus, the arc formation during making operations indirectly affects

the dielectric performance of the VI. The duration of this pre-ignition arc depends on the closing velo-

city of the VI as well as the ignition voltage and gap distance. Usually, a long arcing time and a high

current amplitude cause more damage to the surface because more contact material is vaporized. Ho-

wever, even a short arcing time with multiple pre-ignitions at different locations at the contact surface

can even be worse because multiple welding points may be formed. Due to the low arcing voltage,
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the amplitude and the frequency of the pre-ignition arc are defined by the circuit configuration (see

Section 2.4.2). [SvK+15], [Sla08]

2.4 Switching of capacitive loads

Capacitors are extensively installed in the electric power system. They ensure the voltage quality by

filtering out harmonics and by compensating reactive power of the mainly inductive consumers [Sv08].

Therefore, they contribute to a loss and cost reduction, a better utilization of existing systems and in an

economical design of new ones [ABB13]. For this, individual capacitors are combined to capacitor banks

which are switched frequently during a day due to the fluctuations in the load. [SvK+15]

Besides the capacitor as a lumped element, system components show a capacitive behavior at certain

operating points. The most important ones are transmission lines, gas insulated lines and power cables

at no load operation. Typical values of their distributed capacitance are 8 nF km−1 to 14 nF km−1 for

transmission lines [KKFN01], [Hos88] and 40 nF km−1 to 60 nF km−1 for gas insulated lines [Koc02].

Power cables, on the other hand, use solid dielectrics instead of gaseous ones which have a higher

permittivity. This results in distributed capacitances up to several hundred nFkm−1 [nkt09]. However,

these components have a higher surge impedance24 compared to a discrete capacitor whereby the making

operation causes less stress to the VCB.

2.4.1 Mathematical and physical basics

The capacitance C is the ability to store an electric charge q(t) at a given voltage u(t). With respect to

the current i(t) = dq(t)
dt this is expressed with Equation (2.12).

i(t) = C ·
du(t)

dt
(2.12)

From Equation (2.12) it can be seen, that in case of a sinusoidal voltage, the capacitive current has a

phase angle ϕcap of −π2 .

The reactive power Qcap and the energy Ecap of a capacitor are described with Equation (2.13) and

Equation (2.14), respectively [KD04].

Ecap =
1
2

CU2 (2.13)

Qcap =ωCU2 (2.14)

This makes the capacitor a voltage controlled energy storage. As a consequence, it stays charged to the

instantaneous value of the voltage even after being disconnected. In addition, high inrush currents (im)

can be drawn while being switched on. To derive this current, the equivalent circuit diagram (ECD)

in Abbildung 2.7 is used. Here, a discharged capacitive load Cl is charged by a DC voltage source u0

24
p

(L)/(C)
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Abbildung 2.7: Energizing capacitive loads

when switch S is closed. The electrical connection in between is represented by the resistance Rs and the

inductance Ls.

The current im in Abbildung 2.7 is described with the following differential equation

u0 = Rsim(t) + Ls ·
dim(t)

dt
+

1
Cl

∫ t

0

im(τ)dτ. (2.15)

Its relevant25 solution is the damped oscillating current given in Equation (2.16),

im(t) =
u0

ωe Ls
exp (−δt) · sinωe t (2.16)

where δ = Rs
2Ls

is the damping factor,ωe =
q

ω2
0 −δ2 the eigenfrequency andω0 =

Ç

1
LsCl

the undamped

resonance frequency. If the resistance is small compared to the inductance26, it can be simplified to

Equation (2.17). [Cla11]

im(t) =
u0

p

Cl
p

Ls

exp (−δt) · sinω0 t (2.17)

2.4.2 Making operations

Capacitors draw high inrush currents while being energized. As has been shown in Equation (2.17), their

amplitude and frequency are strongly influenced by the network’s inductance and the voltage at the

switch on moment. In the three-phase electrical power grid, the individual voltages are phase-shifted by

ϕu =
2π
3 . This means, that even if one voltage phase is at zero, the other two are stressed with 1p

2
of the

system voltage. In addition the inductance and the capacitance result from the component to be switched.

Therefore, all types of circuit breakers have to handle a wide range of inrush currents. For the VCB,

energizing distributed loads are usually not a problem due to their high surge impedance. Energizing

capacitor banks on the other hand causes some issues [SWB+12]. To illustrate this, Abbildung 2.8 shows

a capacitor bank with two switchable branches. This results in the two following switching configurations

and their associated current-/voltage-characteristic which are shown in Abbildung 2.9a [SvK+15]:

• single-bank: In this configuration, only one capacitor will be energized while the second one is dis-

connected from the grid. Therefore, the current flows in loop 1. According to Equation (2.17), the

25 assuming a typical power system with small ohmic losses Rs < 2
Ç

Ls
Cl

26 This is typically given in the power grid.
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Abbildung 2.8: Single-bank (a) and back-to-back (b) capacitor bank switching; taken from [SvK+15]
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Abbildung 2.9: Example of a single-bank (a) and a back-to-back (b) capacitor energization; taken from
[SWB+12]
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inrush current will be limited by the series connection of the grid inductance Ls and the inductance

Ll of the capacitor bank branch. Due to the relative high value of Ls, this leads to moderate inrush

currents. However, the bus voltage almost drops to zero due to the discharged capacitance Cl (see

Abbildung 2.9a).

• back-to-back: In this configuration, one capacitor is already connected to the grid. Switching on the

second capacitor causes an additional current flow in loop 2. Due to the rather small value of Ll,

this current can easily reach amplitudes higher than 10 kA and frequencies of several kilo-hertz. An

example of such an event is shown in Abbildung 2.9b.

In general, inrush currents do not stress a VI with closed contacts because no damaging arcs are

formed. However, high inrush currents, in combination with pre-arcing (see Section 2.3.2), may lead to

contact welding and, therefore, to a significant decrease in dielectric performance. [Kap11]

2.4.3 Breaking operations

Breaking capacitive currents is a normal switching duty with a rather small current amplitude (less

than 500 A) compared to a short circuit. However, the voltage, after a successful current interruption,

is the problem. In the following, a single phase breaking operation is explained with the ECD given in

Abbildung 2.10 and the corresponding current-/voltage-characteristic shown in Abbildung 2.11. The

Svac
Cl

Ls

Cs

ib

us‘ ul

uvac

us

Abbildung 2.10: ECD for single phase capacitive current interruption

grid is represented by an AC voltage source us, an inductance Ls and a capacitance Cs whereas the load

is a simple capacitor Cl. When the switch Svac, representing the VCB, opens at the time t0 an arc ignites.

Due to the arc characteristics, the current ib is chopped at t1, prior to the natural current zero (see

Section 2.3). At this moment, the system voltage us is nearly at its maximum because of the capacitive

phase angle. In addition, the voltage across the capacitors is higher than the actual source voltage due

to the effects of the inductance. This leads to a {1− cos} - shaped recovery voltage uvac across the switch

with a source side us′ and load side ul component. The source side transients are caused by oscillations

between the elements Cs and Ls which disappear within several milli-seconds. At the load side, the

capacitor stays charged because no discharge path is available.

It can be seen that, even without an over-voltage caused by a failure in the power grid, the voltage

across the switch is doubled.

In a three-phase system, the current interruption, and therefore the recovery voltage (RV), also de-

pends on the system earthing. In addition, a successful current interruption in one phase will affect the

remaining two others. This influence can be expressed and taken into account in a single-phase system

by the first-pole-to-clear-factor kpp. In a non-solidly-earthed neutral system, this factor is 1.5 while it is 1.3

in a solidly-earthed neutral system. [SvK+15]
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Abbildung 2.11: Current-/voltage-characteristic during capacitive load interruption; taken from [SvK+15]
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2.4.4 Dielectric failures after a successful breaking operation

Immediately after a short circuit current interruption, plasma with a finite conductivity is still present

between the opening contacts. As has been shown in Section 2.3, this leads to post-arc currents due to

the (transient) RV which may reignite the arc. This kind of thermal breakdown is called re-ignition. In

case of a capacitive current interruption, a thermal based breakdown is unlikely due to the small current

amplitude. Here, breakdowns a few milli-seconds after current interruption are typically cased by a not

yet sufficient gap distance. By definition of the standard, all failures within a quarter cycle of power

frequency after current interruption are treated as pre-ignitions [Hig04].

Subsequent to a successful recombination of the plasma, the race between the increasing gap distance

and the increasing RV begins. If, at any moment, the dielectric stress exceeds the dielectric strength,

a late-breakdown occurs. In Section 2.2, it has been shown that, for a VI, two breakdown types exists.

The first one is a NSDD where the voltage collapses without resulting in a renewed current flow in the

main circuit. This type of breakdown is not considered directly27 harmful for the VI or any connected

equipment. Furthermore, their occurrence is not a sign of an insufficient VCB [Hig04]. The situation is

different with a restrike, the second type of breakdown, where it comes to a renewed current flow in the

main circuit. Due to the excellent current interruption capabilities of a VI, the occurring high frequency

current is usually extinguished at the next current zero crossing. Thus, the load capacitance is recharged

to the negative of the previous value plus the voltage difference across the VI at the time of breakdown.

This is illustrated in Abbildung 2.12. In the worst scenario, the breakdown happens at the maximum of

the RV causing a recharge from ±1 p.u. to ∓3 p.u.. Extremely problematic are multiple restrikes, where

this recharging continuous in 2 p.u. steps. Finally, this may lead to a voltage escalation which can damage

connected equipment if not limited by an adequate over-voltage protection [Sch08]. [SvK+15], [Lip03],

[Sla08]

27 However, a NSDD could cause restrikes

20 2 Fundamentals



0 5 10 15 20 25 30

Time in ms

-8

-4

0

4

8

V
o

lt
a

g
e

 i
n

 p
.u

.

-2

-1

0

1

2

C
u

rr
e

n
t 

in
 p

.u
.

u
vac

i
b

0 5 10 15 20 25 30

Time in ms

-6

-3

0

3

6

V
o

lt
a

g
e

 i
n

 p
.u

.

u
s'

0 5 10 15 20 25 30

Time in ms

-6

-3

0

3

6

V
o

lt
a

g
e

 i
n

 p
.u

.

u
l

restrike

restrike

Abbildung 2.12: Multiple restrikes during capacitive load breaking; taken from [SvK+15]
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3 Experimental investigations of
late-breakdowns above the medium voltage
level

This chapter discusses the challenges of future experimental investigations of late-breakdowns. Based

on the recommendations given in CIGRE’s technical brochure The Impact of the Application of Vacuum

Switchgear at Transmission Voltages [CIG14], this discussion is focused on the capacitive switching duty.

Therefore, this chapter starts with an analysis of suitable synthetic test circuit designs for a capacitive load

switching. This is followed by a summary of the established research findings in this area. Afterwards,

required test circuit parameters based on the applicable standards are taken into account. This chapter

concludes with a set of derived design rules for a future test environment capable of investigating the

phenomena of late-breakdowns in VCBs above the medium voltage level.

3.1 Experiences with synthetic test circuits for capacitive load switching

The test circuits used to investigate high voltage switchgear can be distinguished into three basic groups:

1. The power grid: Here, investigations are performed mostly within pilot projects [BGW+12]. In this

case, the test object is used as a regular element of the grid. While these tests lead to realistic

conditions, the amount of usable data is limited because switching operations are executed with

respect to the needs of the power grid. Furthermore, possible risks for other components, in case

of a failure, cannot be ruled out. Thus, for this kind of test, the test object has to have a high

development state.

2. Direct test circuit: Here, the power grid is represented by special short circuit generators, transfor-

mers and lumped elements. These tests are offered in a limited number of high power test facilities

around the world, for instance DNV GL KEMA Laboratories (Arnhem, The Netherlands) or XIHARI

(Xi’an, China). Besides various advantages, such as a high number of switching operations, the uti-

lization of measurement equipment and the possibility to perform a type test, the costs are rather

high and the availability is limited. [SvK+15]

3. Synthetic test circuit: Here, the single big power source is replaced by at least two smaller ones,

where each one is optimized either for high voltage or high current. As a consequence, these sources

have to be connected to the test object with additional auxiliary systems to achieve comparable

test conditions. This makes the layout of a synthetic test circuit more complex. Thus, there exist

optimized designs for particular switching operations1. However, the advantages are reduced space

1 for instance, the Weil-Dobke circuit [Kap11]
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requirements, lower costs, limited energy input in case of a failure, a separate control of current

and voltage stresses and the possibility to include additional diagnostic tools more easily. [RC77],

[KF95], [SvK+15]

For research and development purposes, almost exclusively synthetic tests are used which are not ne-

cessarily in accordance to the standards. Based on the fact that circuit breakers can easily conduct any

capacitive load current2 a pure conduction phase is not included in a capacitive switching test; only the

few half-cycles of the breaking current, which are necessary to ignite an appropriate arc, are realized.

Consequently, the following three phases have to be realized with the test circuit: making, breaking and

recovery.

The making phase is usually realized with a LRC-resonance circuit due to the inrush current’s high

frequency and decaying amplitude [DGK+04], [DRG10], [KHSL10], [DTSY12], [YGL+14], [YWY+14].

Based on the missing conduction phase, this is a stand-alone test. However, the transition from the

breaking to the recovery phase is continuous, and has, therefore, to be tested together. For this purpose,

the test circuit principle shown in Abbildung 3.1 has been frequently used in recent years in the medium

voltage level [DTSY12], [KHSL11], [YGL+14].

Sion

Svac

CdcCdc

high
current

high
voltage

ub uac

is

Saux

ib

Abbildung 3.1: ECD for synthetic capacitive current interruption test

Besides the regular current-/voltage-characteristic, tests were also performed, where

• the {1− cos} - shaped RV was replaced with a higher DC voltage [YSM+08],

• no breaking current was applied [DGK+04], [Kör08], or,

• the {1− cos} - shaped RV was applied to the test object several milli-seconds after the arc has been

extinguished by an additional voltage making switch [KLKG07].

Within this work, the breaking current and the {1− cos} - shaped RV are realized. For this reason, the

circuit shown in Abbildung 3.1 is described in more detail. In general, it is divided into a high voltage

and a high current sub-circuit. Moreover, it needs a certain synchronization and control principle.

High current sub-circuit
This sub-circuit contains the voltage source ub, the auxiliary switch Saux and the (precise) current making

switch Sion. Besides the actual breaking current ib, this circuit must be able to provide the (arc) voltage

demands of the test object and the auxiliary breaker during contact separation. Due to the low vacuum

2 due to its small amplitude compared to other operating currents
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arc voltage3 [Sla08] and the moderate current amplitudes, the regular 400 V power grid can be utili-

zed to provide current for a few periods [KHSL11]. Alternatively, a LRC-resonance circuit can be used

[KLKG07], [YSM+08], [DTSY12], [YWY+14]. In any case, the breaking current ib has to be switched

on by the making switch to synchronize it with the high voltage sub-circuit. After the breaking phase,

the high-current sub-circuit has to be separated and isolated from the test object. For this, the auxiliary

switch is used. Thus, this switch has to conduct the breaking current ib as well as to safely withstand the

test voltage uvac.

High voltage sub-circuit
This sub-circuit contains the voltage source uac (usually a high voltage test transformer), the capacitor

Cdc and the test object Svac. In order to provide the {1−cos} - shaped RV, the voltage across the capacitor

has to be equal to the amplitude of uac. To achieve this, the test object has to be operated in a certain

way: In the beginning, Svac is closed and a small capacitive current is flows. By opening Svac, the current

continues to flow through the burning arc until it extinguishes. After this moment, the charge carriers on

the capacitor are trapped. In case of a perfect synchronization, the currents ib and is have the same phase.

This leads to a DC voltage across Cdc which matches the amplitude of uac resulting in a {1−cos} - shaped

RV.

Synchronization and control
The difficulty with any synthetic test circuits lies in the synchronization of the sub-circuits. In the present

case, both power sources, the auxiliary switch and the current making switch, have to be controlled

precisely to prevent unnecessary stress to the equipment. In addition, an exact control of the test object

is needed to achieve a fixed and reproducible breaking (arcing) time. Therefore, this type of test circuit

has to be controlled actively. However, the following two simplifications are possible:

Simplification 1: Test and auxiliary switch are mechanically combined
As long as the test switch is closed, the voltage uvac cannot build up and the high current sub-circuit is

short circuited. Thus, both sub-circuits cannot interfere with each other. However, as soon as the test

object opens, the auxiliary switch has to disconnect the high current sub-circuit at the next current zero

crossing at the latest. To ensure this, it can be mechanically linked to the test switch. In practice, this is

realized with a three-phase circuit breaker. Here, one pole assembly is used as the test object while the

remaining two others are connected in series and function as the auxiliary switch. In this way, it is also

ensured that the auxiliary switch has a higher dielectric strength than the test object. [Koo11]

Simplification 2: Both power sources are connected to the identical grid
Between the breaking current ib and the voltage source uac, a phase angle of ϕc = −

π
2 is needed. This

can be achieved by using an additional impedance Zb in the breaking current path. By this means, the

amplitude of the breaking current can also be adjusted. The impedance can either be an inductance Lb

or a resistor Rb.

In Abbildung 3.2, the configuration with an inductance is shown. Here, both the voltage and the

3 several ten volts
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Abbildung 3.2: ECD for synthetic capacitive current interruption test

current source are connected to an identical phase which results in a phase angle of π2 . This is changed

to a capacitive phase angle at the voltage source with the transformer Tadj. [Koo11]

The resistor configuration is shown in Abbildung 3.3. Here, the current source is connected between

Sion

Svac

CdcSaux

L1

L2

L3

N

Rb

Tadj

uac

Abbildung 3.3: ECD for synthetic capacitive current interruption test

neutral N and phase L1. The voltage source is connected between the two remaining phases L2 and L3.

Now, both sources have a different reference level. To compensate this, an isolation transformer (Tadj) is

required.

3.2 Established research findings

In the following, the main statements of established research findings are summarized. Given the scope

of this work as well as the current VCB manufacturing technology, only publications based on VCBs with

copper-chromium contact systems and capacitive loads are included.

• The impact of contact bouncing during making operations does not degrade the switching capabi-

lity of the VCB [DZ10], [SCG+12].

• High inrush currents increase the breakdown probability [DTSY12] and the field-emission current

amplitude [KHSL10], [YWY+14]. Below inrush currents of 10 kA field-emission currents are low

[SKCS12].
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• A low prestrike field strength (down to 1.78 kV mm−1) correlates with a high field-emission current

[Kör08].

• A fast closing speed increases the dielectric performance [DRG10].

• The capacitive arc current and its duration have a strong effect on the field-emission current

[KHSL10], [SKCS12], [DYTM14]. In two of these publications, it has been shown that a lower

arcing time increases the field-emission current [KHSL10], [SKCS12].

• The majority of late-breakdowns occur within 100 ms after the current interruption [Kör08],

[Koo11]. In one of these publications, approximately 50 % of all late-breakdowns occur during

the first 10 ms [Kör08].

• Field-emission currents exhibit fluctuations which might be linked to particle interactions [Koo11].

• Late-breakdowns are not necessarily proceeded by high field-emission currents [Kör08], [KHSL10],

[SKCS12]. So far, their origins are still inconclusive. For example, in one publication, field-emission

currents are the primary source [DWG+06], while in another one, micro-particles are the most

influencing factor [SCG+12].

• Mechanical shocks increase the occurrence of late-breakdowns either by micro-particle interactions

[Far93], [GH93], [SEG+10] or due to field-emission current instabilities [JLD99].

• At higher rated voltages late-breakdown occurs more frequently [CIG14].

3.3 Test circuit parameters according to the standards

The requirements on electrical switchgear are regulated in several standards. For AC circuit breakers,

these are the following:

• IEC 62271: High-voltage switchgear and controlgear

• IEEE C37-09: Standard Test Procedure for AC High-Voltage Circuit Breakers Rated on a Symmetri-

cal Current Basis

• JEC 2300: Alternating current circuit breakers

• Chinese standard GB 1984: High-voltage alternating-current circuit-breakers

Among these standards, this work is oriented at the IEC 62271 part 100. In the following, the relevant

information regarding the test circuit parameters for capacitive load switching with a 72.5 kV VCB are

extracted.

Test voltage
The peak value of the single-phase test voltage bUtest is derived from Equation (3.1).

bUvac =
p

2
p

3
· 2 · kc · Us (3.1)
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In this equation, Us is the highest value of the phase-to-phase operating voltage (r.m.s. value) and kc the

capacitive voltage factor. While the system voltage is defined by the VI’s design voltage, the capacitive

voltage factor depends on the neutral point treatment and the associated fault scenarios. In an solidly

earthed neutral system, kc is typically 1.4 in the presence of single- or two-phase earth faults. This value

is increased to 1.7 in case of an unearthed neutral system. Thus, the highest test voltage bUvac is 201 kV4.

This voltage has to be maintained, including the DC voltage component, for at least 300 ms after current

interruption.

Breaking current
The current amplitudes are different depending on the component to be switched. Their r.m.s. values are

10 A for transmission lines, 125 A for power cables and 400 A for capacitors5. In addition, the current

waveform should be, as nearly as possible, sinusoidal. This is achieved with a ratio between the r.m.s.

value of the current to the r.m.s. value of the fundamental of less than 1.2. Furthermore, the breaking

current shall not have more than one zero crossing per half-cycle of the power frequency.

Inrush current
An inrush current is only defined for back-to-back switching of capacitor banks. For this configuration,

the rated amplitude is 20 kA with a frequency of 4250 Hz. The ratio between the first peak and the

second peak of the same polarity has to be equal to or higher than 0.85.

3.4 Identified challenges of future investigations

Based on the established research findings and the experiences with synthetic test circuits, the following

challenges of future investigations of VCBs above the medium voltage level can be identified. In general,

they can be separated into two categories: handling of (low power) synthetic test circuits and detection

of pre-breakdowns currents.

3.4.1 Handling of (low power) synthetic test circuits

The necessity to use test transformers for research and development tests affects the quality of the RV.

With respect to a capacitive load switching test based on the test circuit design discussed in Section 3.1,

this results in a decay in the DC component in addition to distortions in the AC component of the RV.

Decay of the direct voltage component
The DC component is usually generated by the test circuit principle shown in Abbildung 3.1. Here, a

capacitor is charged directly by the high voltage test transformer prior to the RV. During the recovery pe-

riod, it is continuously discharged by the field-emission currents and other leakage currents. An example

of this voltage drop is shown in Abbildung 3.4, where the capacitor Cdc has 10 nF. The charge drawn

from this capacitor6 due to field-emission currents is 110 µC. This reduces the initial 35 kV DC voltage

4 for the sake of simplicity, bUvac is set to 200 kV
5 The presence of earth faults can be taken into account with an amplitude increased by a factor of 1.25.
6 The initial charge is 350 µC.
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Abbildung 3.4: Direct voltage component decay due to field-emission current, adapted from data used
in [Koo11]

by 32 % within the first 500 ms. Such voltage drop might be possible in the power grid with a short

open-ended transmission line (low capacitance). However, it is highly unlikely during a capacitor bank

switching, and it is also in direct violation of the voltage quality required by the standard.

As the power of the high voltage test transformer is limited, the load impedance towards higher test

voltages is larger. As a consequence, the possible capacitance has to be smaller. Thus, the decay in the

DC component will become more severe. At a certain point, the available capacitance is too small to

ensure the required voltage quality. Therefore, the capacitance Cdc cannot be powered directly by the

test transformer anymore. In fact, it has to be pre-charged with the consequence that the RV has to be

connected to the test object by an additional voltage making switch.

Such a switch is, for instance, used in the publications of Körner [KLKG07], [KLKG08]. There, the RV

is connected to the test object after the gap is completely open. This approach has two advantages. First,

the making switch starts to close after the arc in the test object is already extinguished. Therefore, a pre-

ignition in the making switch does not lead to a discharge of the pre-charged capacitor Cdc. Second, the

electromagnetic interference (EMI), due to the voltage making, hardly triggers a dielectric breakdown in

the test object because of the completely open gap.

Towards VCBs with higher rated voltages, the duration to reach a completely open and stable gap

takes longer. Furthermore, the effects of micro-particles can be expected to be higher due to their voltage

dependent impact velocity. As their generation and release is strongly coupled to contact erosion (arcing)

and mechanical shocks (caused by the contact separation), the RV should be connected to the test object

immediately after the arc is extinguished7. This is also recommended, considering the fact that most

7 So far, this has not been realized in a (low power) synthetic test circuit.
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dielectric breakdowns occur within the first 100 ms of the recovery phase. Thus, a fast voltage making

switch is necessary in a (low power) synthetic test circuit.

Distortions in the alternating voltage component

Another consequence of a test transformer’s low power is its high short-circuit impedance [KF95]. Thus,

even a small current flow8 will cause a significant internal voltage drop. Hence, the voltage across the

test object is reduced, and, in case of the non-linear nature of field-emission currents, it is also distorted.

An example of this is shown in Abbildung 3.5 with a point-plate electrode arrangement in vacuum. Here,
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Abbildung 3.5: Voltage distortions caused by field-emission currents in a point-plate arrangement; adap-
ted from [XKH+15]

the distortions are so severe that the voltage in the positive half-cycle9 hardly reaches 50 % of the no

load voltage. The main issue with these voltage drops is the fact, that field-emission currents cannot

exceed a certain amplitude and steepness. Thus, the available power to this pre-breakdown phenomena

is limited. As a consequence, a lower breakdown probability, compared to a VCB investigated with a

direct test circuit, has to be expected.

Since it is not possible to avoid this limitation, affected measurements have to be identified to avoid

mistakes during their interpretation. In addition, a test circuit needs to be optimized towards a high test

rate to gain a statistical coverage even with a low breakdown probability.

8 referred to the rated current of the test transformer
9 Here, field-emission currents occur.

30 3 Experimental investigations of late-breakdowns above the medium voltage level



3.4.2 Measurement of field-emission currents

The measurement of field-emission currents during the recovery phase is sometimes used in capacitive

switching tests. As a measurement device, a resistor Rlf is utilized due to the relatively low current

amplitude and frequency. To protect it against inrush and breaking currents, anti-parallel diodes are

connected to the resistor [BBMR93]. The advantage of this principle lies in the automatic commutation

of the current from the resistor to the diodes and back. Therefore, no control system is needed which

makes this principle especially suitable for direct tests [SKCS12]. However, a disadvantage is the limited

measurement resolution. Its upper limit is defined by the forward bias voltage [BBMR93] of the diode.

If it is exceeded, the diode becomes more conductive and parts of the current bypass the measurement

resistor Rlf. This limit can be extended to a certain degree by either reducing the value of the resistor10 or

utilizing multiple diodes in series11. The lower limit is defined by the leakage current of the diode which

itself is linked to its possible forward current [GPS+51]. Thus, the necessity to conduct inrush currents

has the consequence that leakage currents can reach the lower range of field-emission currents.

Furthermore, the resistor Rlf does not measure the pure field-emission current ife. Instead, it measures

the (total) low frequent current12 ilf which additionally contains the power frequency capacitive displa-

cement current ic. However, this capacitive current can be compensated subsequently [KHK10], because

its amplitude depends entirely on the voltage uvac and the capacitance Cvac of the test object. The latter

is constant as soon as the test object’s contacts are open and their oscillations have stopped. An example

of such a compensation is shown in Abbildung 3.6. Here, the voltage uvac and the total current ilf were

measured and the field-emission current ife was calculated by a software compensation [KHK10].

The problem with the current ic is that it has to be taken into account while dimensioning the resistor

Rlf, even if the field-emission currents are smaller. Towards higher system voltages, the capacitive displa-

cement current increases over-proportionately due to the need of additional external field grading ele-

ments. At the same time, field-emission currents are expected to be smaller due to the over-proportional

increase of the gap distance [Lip03]. Therefore, achieving a sufficient low measurement uncertainty

with a diode protected system is a challenge when a high number of consecutive capacitive switching

operations are desired.

A characteristic of synthetic test circuits are the predefined periods of breaking and recovery. In addi-

tion, in case of a dielectric breakdown during the recovery phase, high inrush currents cannot occur13.

Therefore, in a synthetic test circuit, the anti-parallel diodes can be replaced by a protection which does

not have such severe restrictions.

3.4.3 Additional detection of micro-particles

So far, almost exclusively the field-emission current has been measured during capacitive load switching

tests while the influences of micro-particles have only been investigated indirectly, for instance, with the

following tests:
10 results in a smaller measurement signal
11 requires additional grading elements to equalize the voltage stress across each diode during a dielectric breakdown of

the VCB
12 Compared to the typical currents caused by charged micro-particles, this current has a low frequency.
13 The high current sub-circuit is already disconnected and the energy is entirely supplied by the high voltage sub-circuit.
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Abbildung 3.6: Comparison of the measured (total) low frequent current and the field-emission current;
adapted from [Koo11]

• probability increase by rising the mechanical shocks during switching [GH93]

• occurrence increase by adding artificial micro-particles into a vacuum chamber [Sla08], [Lat95]

• detection of micro-particles electrically and visually in a model vacuum chamber [SKF00],

[KMK+14]

However, especially a switching operation itself generates and releases micro-particles. Thus, future

test environments have to be able to detect micro-particles in order to investigate late-breakdowns. For

this purpose, two objectives have to be accomplished. First, a suitable measurement principle has to

be identified. Second, the test circuit must have a low partial discharge (PD) and low EMI level (see

Section 6.3) to be able to even detect micro-particles. Otherwise, these disturbances could be mistaken

for micro-particle events.

In addition, there is evidence that late-breakdowns may be initiated by a mutual interaction between

field-emission currents and micro-particles. Examples for this are the sudden start of field-emission cur-

rents [SK13] and their instabilities [JLD99]. Thus, this additional detection of micro-particles should be

simultaneous with a field-emission current measurement.
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4 Goal of this work
Currently, the vacuum switching technology is the standard in the medium voltage level. Although a

closed theory about the dielectric properties has not yet been found (see Kapitel 2), the general demand

for greenhouse gas free switchgear pushes the development of this technology towards higher voltages.

The motivation of this work is subordinated to this objective, and, its goal is the development of a

test environment to investigate high voltage VCB. More, specifically the following objectives are to be

achieved:

1. The challenges towards dielectric testing of high voltage VCBs shall be derived. Special attention

shall be devoted to the phenomena of late-breakdowns which occur in form of restrikes and NSDDs

during capacitive load switching. For this purpose, the established research findings in this area as

well as the experiences from test equipment used in the medium voltage level shall be taken into

account. The results are then used as design criteria for the new test environment. This objective

is documented in Kapitel 3.

2. A (low power) synthetic test circuit to investigate 72.5 kV VCBs shall be designed and commissio-

ned. Its switching duty is the making and breaking of capacitive loads with the following rated

parameters: 20 kA inrush current, 2000 A breaking current and 200 kV {1−cos} - shaped RV. Based

on the derived design criteria, the following aspects shall be improved compared to similar test

circuits used in the medium voltage level.

• The RV’s DC component decay shall be reduced to gain a more realistic test scenario. This

shall be accomplished by using independent voltage sources in the generation of the RV’s AC

and DC component. Finally, the RV shall be applied to the test object immediately after the

breaking phase via a fast voltage making switch which shall be especially developed for this

purpose.

• The PD and EMI level of the test circuit shall be minimized to allow detection of micro-

particles.

These objectives are documented in Kapitel 5.

3. Measurement systems to detect field-emission currents and micro-particles shall be implemented

into the test circuit. In detail, the following tasks shall be accomplished:

• The existing principle to measure field-emission currents shall be adapted towards a high num-

ber of consecutive capacitive switching operations by replacing its passive diode protection by

an actively controlled switch.

• The differences between these two protection principles shall be experimentally investigated

to identify possible error sources.

• The analysis of field-emission currents shall be extended with a harmonic analysis of the RV

to identify possible interferences by the test circuit.
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• A suitable measurement system to detect (charged) micro-particles shortly after a breaking

operation shall be identified.

• Both detection systems shall be implemented in such a way that a simultaneous measurement

of field-emission currents and micro-particles is possible.

• Tests shall be conducted to investigative the mutual interference of both systems in order to

identify the best measurement circuitry.

These objectives are documented in Kapitel 6.

4. Finally, the new test environment shall be discussed. This includes the possibilities of the test circuit,

but also its differences to a direct test. In addition, based on the preliminary measurement results,

a suitable framework for an experimental investigation of high voltage VCBs shall be presented.

This objective is documented in Kapitel 7.
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5 Test circuit
In this chapter, the realized test circuit and its features are discussed. It starts with a list of requirements

for the test circuit before the selected circuit topology is presented. This is followed by a brief summary

of the measurement systems and the data acquisition. In the three subsequent sections, the test circuit’s

main components, namely the test object, the high current sub-circuit and the high voltage sub-circuit

are described. This chapter ends with a discussion about the differences of the realized (synthetic) test

circuit compared to a direct capacitive switching operation.

5.1 Requirements

The objective of this work is the development of a test environment to investigate the phenomena of

late-breakdowns of 72.5 kV VIs during capacitive load switching. For this purpose, a test circuit with the

current-/voltage-characteristic shown in Abbildung 5.1 is required. Based on the common test principle
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Abbildung 5.1: Single-phase capacitive-load switching

used in the medium voltage level (see Section 3.1), this high voltage test circuit has to fulfill the following

additional requirements:

• low PD and EMI level of all high voltage sub-circuit components and their associated auxiliary

systems

35



• increased value of the capacitor in the DC voltage source which is equipped with an independent1

charging system

• implementation of a voltage making switch to apply the RV to the test object

5.2 Basic layout

The simplified ECD of the realized test circuit is shown in Abbildung 5.2 while an overview of the whole

test setup is located in the Appendix. It consists of a high voltage and a high current sub-circuit which are

Svac
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Sion

A A
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measurement 
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    ** micro-particle detection

Abbildung 5.2: Basic layout of the test circuit

described in Section 5.6 and Section 5.5, respectively. Both sub-circuits are interconnected at the high

voltage point M1 and at the star shaped reference point M0. Between these points, the test object Svac

(described in Section 5.4) and the coupling capacitor Ccc are connected. In addition, a galvanically iso-

lated measurement cabin is connected to M0. To provide a better overview of the measurement systems,

they are described separately in Section 5.3.

Within this test circuit, the coupling capacitor Ccc is used for the following reasons:

• supply fast2 energy for a breakdown during the recovery phase [JS81]

• function as a coupling capacitor in the micro-particle detection (see Section 6.3)

In all cases, a larger capacitance is an advantage. However, due to power restrictions in the high voltage

sub-circuit its value is limited. As a compromise, a capacitor with the specification given in Tabelle 5.1 is

used.

Operating sequences
The test circuit reproduces the switch on (making) and switch off (breaking) of a capacitive load. For

this, certain operating sequences are necessary. In preparation for the making operation, the following

switches are idle and locked in their respective position: Saux (closed), Sion (open), Suon (open) and Ssel

(lower position). In this sequence, the inrush current is triggered by closing Svac. In contrast to this, the

breaking operation3 requires a defined sequence with four steps which are shown in Tabelle 5.2. To avoid
1 independent from the high voltage test transformer which is used to provide the AC part of the RV
2 low inductive loop
3 Ssel is in the upper position.
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Tabelle 5.1: Specification of the coupling capacitor Ccc [Omi16]

rated voltage 200 kV
capacitance 1 nF (±10 %)
PD level < 1 pC @ 200 kV
withstand voltage 240 kV

(possible) interference in the micro-particle detection, the involved switches and their auxiliary systems

have to be idle within 5 ms after the breaking period.

Tabelle 5.2: Sequence for a capacitive breaking operation

period Svac Saux Sion Suon

idle close close open open
conduction close close close open
breaking opening opening close closing
recovery open open open close

Control system and interfaces
Minimizing the EMIs during the recovery phase is a crucial requirement. Thus, as one of the precautio-

nary measures, all control lines are fiber optic cables to prevent distortions4. The control system itself is

a customized micro-controller, located inside the measurement cabin. To interpret and manage the test

series, the software LabVIEW from National Instruments is used. This software communicates with the

control system and the data acquisition hardware (see Section 5.3). The actual data analysis is performed

with the software Matlab.

5.3 Overview of the measurement systems and data acquisition

An overview of the used measurement systems is given in Tabelle 5.3. As can be seen from Abbildung 5.2,

Tabelle 5.3: Overview of the measurement systems

signal uncertainty model physical principle

uvac < 1 % North Star VD-150 ohmic-capacitive voltage divider
dvac ±1mm Penny & Giles SLS190 potentiometer
im < 1 % PEM CWT 150 Rogowski coil
ib < 1 % LEM HTA1000-S hall effect current sensor
ilf < 1 % customized resistor
ihf,cc - OMICRON CLP 542 PD measuring impedance

the inrush current im, as well as the breaking current ib, are measured in their respective return wires.

To eliminate unwanted feedback effects, a galvanically isolated measurement principle is used in both

cases. However, this is not practicable with the low frequent current5 ilf. Instead, a resistor based current
4 for instance, due to ground loops and crosstalk
5 contains the field-emission current ife and the capacitive displacement current ic
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measurement is utilized which leads to a mutual interference with the charged micro-particle detecti-

on system. The latter consists of the coupling capacitor Ccc and the PD measuring impedance Zcc and

captures the decaying high frequency currents ihf,cc caused by charged micro-particles. The mutual in-

terference between both systems is discussed in Section 6.1 while their corresponding descriptions are

given in Section 6.2 and Section 6.3, respectively.

In order to measure the voltage uvac across the VCB, a mixed ohmic-capacitive voltage divider (spe-

cification in Tabelle 5.4) is used and connected between the high voltage point M1 and the reference

point M0. Thus, it also measures the additional voltage drop of the field-emission current measurement

system. However, this is in the range of several volts and can therefore be neglected.

Tabelle 5.4: Specification of the voltage divider [Nor13]

maximum direct voltage 150 kV
maximum pulse voltage 240 kV
uncertainty (< 1 MHz) < 1 %
capacitance CVvac (approx.) 27 pF
resistance 2 GΩ
partial discharge level < 10 pC @ 200 kV

The data acquisition is implemented inside the shielded measurement cabin. With the exception of

the high frequency current ihf,cc
6, all measurement signals are digitized using a National Instruments

system. Its relevant specification is given in Tabelle 5.5. The current ihf,cc is measured with a stand-alone

Tabelle 5.5: Specification of the low frequent data acquisition system [Nat05]

model National Instruments 6123 PXI

input impedance 100 MΩ || 10 pF
physical bandwidth 500 kHz
input range ±1.25 V – ±10 V
maximum input voltage (peak) ±36 V
maximum sampling rate 500 kSs−1

resolution 16-bit
memory 16 MS

oscilloscope due to its high frequency and possible over-voltages. In addition, it is measured at 50Ω

input impedance to avoid traveling waves. The relevant specification of the used oscilloscope is given in

Tabelle 5.6.

All measurement lines are coaxial cables (type RG-58)7. To minimize EMIs and over-voltages, their

outer shield is connected to the measurement cabin which, in turn, is connected to the reference point

M0 with a low inductive copper strip [SK07]. The measurement cabin itself is galvanically isolated via

an isolation transformer.

6 decoupled current of a charged micro-particle
7 50Ω impedance
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Tabelle 5.6: Specification of the high frequency data acquisition system [Tel15]

model Teledyne LeCroy WaveSurfer 3024

input impedance 50Ω

physical bandwidth 200 MHz
input range 8 mV – 8 V
maximum input voltage (peak) ±10 V
maximum sampling rate 2 GSs−1

resolution 8-bit
memory 10 MS

5.4 Test object

In order to ensure a wide variation of possible test objects, a VI with a design voltage of 72.5 kV is used. Its

specification is given in Tabelle 5.7. Compared to a typical medium voltage design (see Abbildung 2.2),

Tabelle 5.7: Specification of the test objects Svac [Sie12a]

rated voltage 72.5 kV
rated normal current 2.5 kA
rated frequency 50 Hz
rated gap distance 40 mm
rated pressure < 1× 10−7 mbar
contact system axial magnetic field

this VI has two additional internal field grading shields8. They have, same as to the vapor shield, a

floating potential which has to be taken into account when analyzing the measured data.

The test object itself is operated with a switching platform. Within this test circuit, a customized

design9 is used to ensure a low PD level. Its high voltage part is shown in Abbildung 5.3. It consists of

the test object, which is mounted horizontally inside an acrylic glass (PMMA) enclosure10. The space

between both components is filled with the liquid insulation medium FC-43 because of its high dielectric

strength (18.1 kV mm−1), low dielectric constant (1.90) and non-flammability [3M99]. The necessary

external field control is achieved using metallic toroidal structures on both sides.

In Section 3.2 it has been stated that the operating mechanism’s mechanical chain influences the pro-

bability of late-breakdowns. To investigate this fact also at higher voltage levels, an adjustable mechanical

chain in terms of opening speed, closing speed and contact force is needed. Therefore, a hydraulic ac-

tuator is utilized instead of a spring mechanism11. The movement is transferred to the test object via a

an operation rod and a spring. In this case, the spring is used to damp the mechanical shocks during

contact separation and to ensure a contact force in closed position. It is located between the actuator

and the operation rod. The gap distance is measured at the movable contact of the test object against the

housing of the switching platform with a potentiometer (see Section 5.3).

8 For confidentiality reasons, a cross section of the test object is not in this work.
9 developed in cooperation with Siemens AG
10 poly(methyl methacrylate)
11 A magnetic actuator was excluded in an early stage of this project due to EMI concerns.
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Abbildung 5.3: High voltage part of the test platform

In Tabelle 5.8, the mechanical and electrical specification of the test platform in combination with the

test object is given.

Tabelle 5.8: Specification of the test platform

rated power frequency withstand voltage 220 kV
closing speed (no load condition) 0.5 m s−1 – 1 m s−1

opening speed 0.5 m s−1 – 2.5 m s−1

contact force 2 kN – 3.2 kN
gap distance 4 mm – 40 mm

5.5 High current sub-circuit

Abbildung 5.4 shows the simplified ECD of the high current sub-circuit12. It includes the breaking and

inrush current source, the current selection switch Ssel, the auxiliary breaker13 Saux and the current

making switch Sion.

The auxiliary breaker Saux has to separate the high voltage and high current sub-circuit from each

other. Therefore, it must

• withstand the 200 kV test voltage,

12 Not included are the auxiliary, safety and (dis-)charging systems.
13 provided by Siemens AG
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Abbildung 5.4: Simplified ECD of the high current sub-circuit

• conduct the 20 kA inrush current, and,

• switch off the (up to) 2000 A breaking current.

In addition, due to the micro-particle detection, it must have a low PD level. Based on these prerequisites,

a single phase SF6 circuit breaker is used. Its specification is shown in Tabelle 5.9. As a result of the high

Tabelle 5.9: Specification of the auxiliary breaker [Sie11]

rated voltage 145 kV
rated normal current 4 kA
rated frequency 50 Hz and 60 Hz
rated power frequency withstand voltage 275 kV
rated peak withstand current 108 kA

SF6 arc voltage14, significant current suppression occurs in the breaking current path. To minimize this

effect, the auxiliary breaker is opened within 1 ms before the natural current zero at the end of the

breaking phase.

The current selection switch Ssel is used for automation of the making and breaking test sequence. It

is designed as a disconnector and switches at no-load.

5.5.1 Inrush current source

The inrush current source has to provide a decaying sinusoidal current with an initial amplitude of

20 kA at a frequency of 4250 Hz and an initial voltage of 59.2 kV15. As has been shown in Section 3.1,

a LRC-resonance circuit is most suitable for this task. However, with the available capacitors16, all the

requirements cannot be fulfilled exactly. Based on a practical aspect17 and taking into account the impact

on the breakdown probability18, the initial voltage amplitude has been given preference over the current

amplitude19. Thus, the current amplitude has been reduced. The final configuration is shown in Tabel-

le 5.10. Due to the low required inductance and the spatial expansion of the test circuit, the inductance
14 in the kilo-volt range [Flu82]
15 single-phase peak voltage in59.2 kV in a 72.5 kV system
16 six capacitors of 7.5 µF and a rated voltage of 30 kV
17 a frequency increase causes additional grounding issues
18 A lower voltage delays the arc ignition and thereby the chance for multiple pre-ignitions.
19 In order to investigate late-breakdown a high breakdown probability is useful.
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Tabelle 5.10: Specification of the making current source

capacitance Cm 11.25 µF (±1 %)
discrete inductance Lm 115 µH (±10 %)
parasitic inductance Lσm 10 µH (±10 %)
maximum charging voltage 60 kV
maximum peak current 18 kA
peak current per 1 kV 300 A

has two significant components; the discrete single layer air coil Lm and the extended inductance of the

loop20 Lσm.

In Abbildung 5.5, an example of the maximum inrush current with the associated gap distance and

multiple pre-ignitions is shown21. As can be determined from the first two peaks, the resulting fre-

quency is 4065 Hz with a maximum current peak of 16.7 kA. The deviation from the values given in

Tabelle 5.10 are caused by the damping effects of the burning arc. The decreased closing speed of the

gap (≤ 0.2m s−1) is the result of an opposing mechanical force22 while its oscillations are caused by

eigen-frequency of the test object’s mechanical chain.
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Abbildung 5.5: Example of the making test sequence with multiple pre-ignitions; indicated by black circles

To limit the inductive voltage drop23 across the return wire (from M0 to Cm) to a value below 1 kV, the

earthed reference point M0 of the test circuit is located as close as possible to the low potential terminal

of the capacitance Cm. This influences the micro-particle detection and is further discussed in Section 6.1.

20 rough dimensions: 5 m length and 2 m height
21 The moment of mechanical contact touch at 7.9 ms.
22 Lorenz force acting on the contact system provoked by the inrush current
23 Due to economical reasons, all auxiliary systems are limited to a potential against earth of 1 kV.
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5.5.2 Breaking current source

This source supplies the 50 Hz current for the breaking phase. Its amplitude is in the range of 10 A to

500 A. To validate the positive conditioning effect of the breaking arc also at high voltage VCBs and

to achieve a sufficient current level at the breaking period, the design amplitude is 2000 A. In order

to synchronize the breaking current to the RV, it has to be switched on at a precise moment. For this

purpose, a semi-conductor based making switch Sion is used24. In contrast to the inrush current source,

the driving (or initial) voltage is not directly defined. However, given the state of the switches during the

arcing period (see Tabelle 5.2), it has to compensate the arc voltage demand of the auxiliary breaker and

the test object as well as the voltage drop across the making switch. Based on this, the breaking current

source is realized as a LRC-resonance circuit instead of utilizing the 400 V power grid. Its specification

is given in Tabelle 5.11.

Tabelle 5.11: Specification of the breaking current source

capacitance Cb 585 µF (±1 %)
inductance Lb 17.3 mH (±1 %)
maximum charging voltage 15 kV
maximum peak current 2.7 kA
peak current per 100 V 18 A

5.6 High voltage sub-circuit

Abbildung 5.6 shows the simplified ECD of the high voltage sub-circuit. It consists of the AC source

M0

Suon

AC

DC

Tiso ThvAMP

Thf GCINV

CdcCdc

Rd

M1

uac

udc

Abbildung 5.6: Simplified ECD of the high voltage sub-circuit

uac, the DC source udc, the voltage making switch Suon and the 50 kΩ damping resistor25 Rd. Due to

the required low PD and EMI level, both sources and the making switch are combined to form one

component. An overview picture of this is shown Abbildung 5.7.

24 By the end of this work, only a half-module of this switch has been implemented. This limits the breaking current to
1250 A.

25 minimum value to protect the equipment against over-voltages in case of a dielectric breakdown of the test object
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5.6.1 Alternating voltage source

The AC voltage source has to supply

• the 100 kV peak test voltage with a frequency of 50 Hz,

• the up to 10 mA maximum expected field-emission currents26, and

• the 1.7 kV A reactive power demand of the coupling capacitor (1 nF), the test object and the voltage

divider.

For this task, the high voltage test transformer27 Thv is used. Its specification is given in Tabelle 5.12. In

Tabelle 5.12: Specification of the high voltage test transformer Thv

model MWB TEO 100/10

rated voltage (r.m.s. value) 100 kV
rated current (r.m.s. value) 50 mA
rated continues power 5 kV A
rated power (max. 60 min) 10 kV A
short circuit impedance 3.8 %

order to minimize distortions arising from the low voltage power grid, the transformer is supplied by

an amplifier28 (AMP) with a rated power of 11 kV A. For safety and economical29 reasons, the amplifier

and the high voltage transformer are galvanically separated by an isolation transformer Tiso (rated power

13.8 kV A; isolation level 5 kV).

5.6.2 Direct voltage source

The DC source has to supply a voltage of 100 kV which has to comply with the following conditions:

• low PD and EMI level

• limit the DC voltage drop of an individual period of the RV to an acceptable level

• limit the AC voltage drop across the DC source30 to an acceptable level

For this purpose, the (foil) capacitor Cdc of 616 nF and rated voltage of 105 kV is used. This capacitance

ensures a DC voltage drop31 of less than 0.16 % within one period of the RV and limits the AC voltage

drop to approximately 0.2 %. As a consequence, this capacitor has to be charged prior to the recovery

phase with its own charging system. In order to further improve the RV, it is also constantly re-charged

during the recovery phase. This has been proven feasible in the work of Dullni [DWG+06].

26 based on in-house experiences with medium voltage VIs
27 selected due to practical and economical reasons
28 consisting of three, parallel operated, class AB single phase commercial hi-fi power amplifiers (model: Thomann the

t.amp Proline 3000)
29 to protect the expensive amplifier and high voltage test transformer
30 due to the capacitive voltage divider formed by Cdc and (Ccc + CVvac + Cvac)
31 due to field-emission currents of 10 mA with a duration of 10 ms

5.6 High voltage sub-circuit 45



The charging system consists of an inverter (INV), a high frequency transformer32 (Thf) and a five-

stage Greinacher cascade (GC). Due to the missing earth potential, the inverter is powered by a 24 V

lead battery. Its topology is a full bridge with a fixed switching frequency of 55 kHz. Thus, two aspects

are accomplished. First, the significant part of the inverters EMI33 has a reproducible spectrum and can

therefore be taken into account during the micro-particle detection. Second, the re-charge duration is

significantly shorter compared to the frequency of the load (see Section 6.2.1) which leads to a smaller

ripple in the DC voltage [Küc09]. While the inverter and the battery are located in a virtually field free

space between two shielding toroids, the transformer and the Greinacher cascade are installed in an oil

filled acrylic glass enclosure to prevent PDs. The maximum output voltage is 110 kV at a current of 5 mA.

5.6.3 Voltage making switch

The fast voltage making switch Suon connects the RV at a precise moment to the test object. It is the key

element of this test circuit and has to fulfill the following requirements:

• a withstand voltage of 220 kV in open position (test voltage plus 10 % safety margin)

• a current carrying capability of 5 A (maximum current during a dielectric breakdown of the test

object)

• a precise closing time of 10 ms with an allowed jitter of 200 µs

• no bouncing after the contacts touched each other to avoid a disconnection of the RV from the test

object

• no pre-ignition during closing operation to avoid a discharge of the capacitor Cdc
34

• no PD and EMI level in close position

The requirements, no bouncing and no pre-ignition, make it difficult to use a regular load switch. In

addition, due to the low current amplitude (< 50 mA) during the recovery phase, combined with the

high withstand voltage, power semiconductor devices cannot be used either. Therefore, a customized

mechanical voltage making switch was developed. A sketch of this switch is shown in Abbildung 5.8. It

consists of a highly dynamic actuator with a light (175 g) movable contact system. They are installed

in a pressure vessel which is filled with SF6 at 4.5 bar (absolute value). The pressure vessel is made

of a PVC35-tube. At both ends, PVC-flanges are used to seal the pressure vessel with metal disks. The

construction is braced with glass fibre plastic spacers to provide the necessary mechanical strength. The

external field grading is accomplished with metallic toroids.

The switch’s battery powered and inverter controlled actuator is operated as indicated in Abbil-

dung 5.9. During the contact closing, the gap distance duon is kept proportional to the voltage36 uuon.

32 based on a design of Dr. T. Wietoska (High Voltage Laboratories, TU Darmstadt)
33 The fundamental switching frequency and its harmonics are below the relevant frequency band used in the micro-particle

detection.
34 The test object is short circuited by the arc.
35 Polyvinylchlorid
36 similar to the voltage uvac, but due to a capacitive-ohmic phase angle not identical
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Abbildung 5.8: Sketch of the voltage making switch

0 5 10 15 20 25 30

Time in ms

0

50

100

150

200

V
o

lt
a

g
e

 i
n

 k
V

0

4

8

12

16
E

-f
ie

ld
 i

n
 k

V
/m

m

u
uon

E
uon

0 5 10 15 20 25 30

Time in ms

0

5

10

15

20

D
is

ta
n

c
e

 i
n

 m
m

0

1

2

3

4

V
e

lo
c

it
y
 i

n
 m

/s

d
uon

v
uon

end of movement

begin of movement

open closing closed

Abbildung 5.9: Basic functionality of the voltage making switch
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This results in a nearly constant electric field stress Euon between the Borda shaped contacts which

is illustrated in Abbildung 5.10. With this nearly identical stress within a SF6 environment, dielectric
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Abbildung 5.10: Electric field distribution of the voltage making switch in different positions

breakdowns, which would lead to pre-ignitions, practically do not occur. In addition, it also ensures a

very low impact velocity vuon when the contacts touch. In this way, contact bouncing is almost completely

prevented. After the switch is closed, the inverter is deactivated and the contacts are held on position by

a small DC current. This current is supplied directly from the battery to prevent EMIs during the recovery

phase.

5.7 Deviations to a direct test

Certain properties of the realized test environment are different compared to a direct test. These diffe-

rences are associated with the breaking test sequence37 and are described in the following.

5.7.1 Initial phase of the recovery voltage

An example of the realized breaking test sequence38 is shown in Abbildung 5.11. It can be seen that the

current-/voltage-characteristic is in accordance with the desired one shown in Abbildung 5.1. However,
37 Within this test circuit, the making test sequence is used entirely to de-condition the surface to increase the probability

of a dielectric breakdown.
38 By the end of this work, only a capacitive factor of 1.4 (instead of 1.7) had been realized, due to issues with the DC

voltage source.
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Abbildung 5.11: Realized breaking test sequence

compared to a direct test, the initial phase of the RV is different. Firstly, the transient part of the {1−cos} -

shaped RV is not realized39. Secondly, the transition from the breaking phase to the recovery phase is

not properly reproduced. Due to the effect of current chopping, the arc ceases to exist prior to the

natural current zero crossing. Concurrently, the voltage making switch is programmed to close exactly

at the natural current zero crossing. Thus, a short period with a undefined voltage stress occurs at the

test object. During this period, only an undefined fraction of the AC part of the RV drops across the

test object40. Due to the statistical nature of the chopping currents and the complete de-coupling of

the breaking and recovery phase, this period cannot be avoided. Its duration is usually less than 200 µs

for breaking currents above 100 A. However, smaller breaking currents exhibit earlier current chopping

[Hal13] which increase the period’s duration up to milli-seconds.

This unwanted feature of the test circuit has a strong influence on the development of post arc currents.

However, capacitive loads do not cause any significant post arc currents due to their low amplitude.

In addition, the high plasma re-combination rate in VIs41 and the different origins of cold dielectric

breakdowns suggest that this test circuit feature does not influence the occurrence of late-breakdowns.

5.7.2 Characteristics of late-breakdowns

Late-breakdowns will occur in a direct test as well as in a synthetic test. However, there is a strong

difference regarding the involved components which, among other things, provide the energy for the

dielectric breakdown [Leu00]. An overview of the involved energy sources for both test scenarios is

39 It can be realized by additional components, but is not the focus of this work due to the research of late-breakdowns.
40 The DC part is blocked due to the capacitance of the still open making switch while the AC part is determined by the

capacitance ratio of the voltage making switch and the load (test object, coupling capacitor and voltage divider).
41 usually within several hundreds of micro-seconds [Sla08]
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shown in Tabelle 5.13. From this table it can be seen that the entire breakdown energy in a synthetic test

Tabelle 5.13: Difference between the energy supply of a late-breakdown in a synthetic and direct test

direct (see Abbildung 2.10) synthetic (see Abbildung 5.2)

breakdown type Cvac Cl Cs us Cvac Ccc uac udc

restrike yes yes yes yes yes yes no no
NSDD yes yes yes no yes yes no no

is provided by the capacitance of the test object Cvac and the coupling capacitor Ccc. The voltage sources

uac and udc are effectively disconnected from the test object during a breakdown due to the high internal

impedance of the test transformer. As a consequence, the value of the coupling capacitor Ccc significantly

influences the breakdown characteristic [JS81]. Compared to a direct test, it is not possible either to

distinguish between a restrike and a NSDD, because in both cases the same elements are involved.

Therefore, all breakdowns will be summarized as late-breakdowns.

All this are restrictions of synthetic testing and are not limited to the test circuit design implemented

in this work.
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6 Simultaneous detection of field-emission
currents and charged micro-particles

This chapter starts with the presentation of the basic principle used to detect field-emission currents and

charged micro-particles simultaneously. It is followed by a detailed description of each measurement

system. In case of the field-emission current measurement system, its data analysis is also presented in

detail. This chapter ends with a discussion of the preliminary results and identified restrictions of the

simultaneous measurement principle.

6.1 Basic principle

A charged micro-particle moving between the contacts of a VI typically causes a short high frequency cur-

rent pulse. Compared to this, field-emission currents have a much longer duration and lower frequency

components. Therefore, each phenomenon requires its individual measurement principle.

In order to detect field-emission currents and charged micro-particles simultaneously, two different

measurement systems have to be implemented in the test circuit. However, this leads to a mutual inter-

ference which depends on their interconnection. Based on the general layout of a synthetic test circuit,

two interconnection alternatives exist. In any case, either the charged micro-particle detection or the

field-emission current measurement is favored. In the following, the pros and cons of both alternatives

are described.

Circuitry optimized to measure field-emission currents
The ECD of the field-emission current optimized measurement (FEOC) is shown in Abbildung 6.1. Here,

Svac

A

M1

M0

HF

A

Ccc

*

**
icc

Abbildung 6.1: Field-emission current optimized measurement circuitry

both measurement systems are connected to the star shaped reference point M0. This has the advantage

that all measurements are conducted against the common ground potential. In addition, the capacitive

current icc, caused by the capacitance of coupling capacitor Ccc and the AC component of the RV, bypas-

ses the field-emission current measurement system. Within this test environment, the amplitude of this
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capacitive current is up to 31.4 mA at rated operating conditions. Therefore, it is much larger than the

expected field-emission currents which would result in a significant decrease of the signal-to-noise ratio

in the field-emission current measurement. However, during a dielectric breakdown of the test object,

the field-emission current measurement system is subjected to the discharge of the coupling capacitor

Ccc.

Circuitry optimized to detect charged micro-particles
This ECD of the micro-particle optimized measurement (MPOC) is shown in Abbildung 6.2. Here, the

Svac

A

M1

M0

HF

A

Ccc

*

** icc

Abbildung 6.2: Charged micro-particle optimized measurement circuitry

charged micro-particle detection system is connected in parallel to the test object. Compared to the

FEOC, this results in a much smaller surge impedance (indicated as HF loop) which makes the system

less vulnerable to interferences. The smaller surge impedance itself has two reasons. First, the impedance

of the field-emission current measurement system is bypassed. Second, its spatial expansion is smaller

because no connection to the common reference point M0 is necessary1. However, a disadvantage of this

configuration is the missing ground potential of the charged micro-particle detection. Thus, an additional

galvanic isolation or a data processing on potential2 is required.

6.2 Field-emission current measurement

After a capacitive switching operation with a VCB, field-emission currents can arise with amplitudes typi-

cally in the range of several tens of micro-amperes to several milli-amperes [Sla08], [KHK10], [SKCS12].

In addition to this current, a capacitive displacement current ic also occurs. In the past, it has been de-

monstrated that their sum, here referred to as the low frequent current ilf, is effectively measured with a

resistor [Lat95], [Lip03], [Sla08], [Küc09]. As usual, such a resistor is realized by a parallel connection

of several resistors to distribute the thermal stress in case of high measurement currents. However, in

order to protect this resistor as well as the connected data acquisition devices against inrush currents

(im), breaking currents (ib) and discharge currents3 (ibd), additional protection is required.

While the making current and breaking current periods are exactly known and defined within a synthe-

tic test circuit, the occurrence of discharge currents cannot be predicted. As a consequence, two different

1 The common reference point M0 is positioned close to the low voltage terminal of the making current source due to its
earthing.

2 The potential rise during a dielectric breakdown is the primary concern.
3 in case of a dielectric breakdown

52 6 Simultaneous detection of field-emission currents and charged micro-particles



protection systems, an operating current protection (OCP, described in Section 6.2.2) and a discharge cur-

rent protection (DCP, described in Section 6.2.1), are needed. Within this work, the protection systems

are based on the ECD that is shown in Abbildung 6.3. In the following, their functionality as well as the

Rlf

Llf

ClfClfulf

GA

im, 
ib

ibdilf

OCP

DCP

Rlfubd

Abbildung 6.3: Field-emission current measurement system with protection (explanation is given in the
subsequent text)

impact of power diodes as OCP are discussed. As no standards regarding the analysis of field-emission

currents exist, the data analysis procedure used within this work is also presented.

6.2.1 Discharge current protection

The DCP is realized based on the system used in the work of Jüttner [JS81]. It consists of the 100 mH fer-

rite core inductance Llf, the gas discharge arrester4 GA and the 1.5 nF capacitance Clf of the measurement

line.

During the recovery phase, the gas discharge arrester has a high impedance and the current ilf flows

through the resistor Rlf and the inductance Llf. Due to its low amplitude and frequency, the voltage

drop across the inductance is small. However, in the event of a breakdown, the transient nature of the

discharge current ibd will induce a large voltage across the inductance which triggers the gas discharge

arrester. Therefore, the measuring path is bypassed while at the same time, the capacitance Clf reduces

the voltage ulf and its steepness across resistor Rlf. This limits the energy input into the resistor and, in

addition, functions as a first stage over-voltage protection for connected data acquisition devices.

The discharge current ibd is measured with the low inductive resistor Rbd of 0.8Ω5. In Abbildung 6.4,

the measured discharge current during a breakdown at 105 kV is shown6 After the initial transients, a

pulsed shaped current with an amplitude of 1 A is visible which equals to a charge7 Qbd of 122 µC. This

matches roughly the 105 µC which is stored in the coupling capacitor during the breakdown.

4 model: TDK EC90, DC spark-over-voltage: 90 V, typical impulse (1 kV µs−1) spark-over-voltage: < 550 V [TDK15]
5 Its objective is to provide the theoretical possibility to distinguish between a restrike and a NSDD by analysing the

breakdown current. This distinguishing is, given only the voltage signal, in this synthetic test circuit not possible (see
Tabelle 5.13).

6 Within this work, this late-breakdown had the highest breakdown voltage. Due to clipping, the voltage has been extra-
polated.

7 roughly estimated by integration of the filtered (red) curve in Abbildung 6.4
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Abbildung 6.4: Measured discharge current in FEOC configuration during a dielectric breakdown

An advantage of this DCP principle are the low leakage currents8 which are smaller than 10 nA. Thus,

compared to the low frequent current ilf, they can be neglected. However, the physical bandwidth of the

measurement system depends on the value of the resistor Rlf. In order to estimate the required spectrum

of the expected field-emission currents, Equation (2.7) is analyzed9 with respect to the field enhancement

factor β. The result is shown in Abbildung 6.5, where the highest frequency component10 necessary to

measure 99.9 % of the original signal energy is plotted against the field enhancement factor. As can

be seen, a higher field enhancement factor causes a lower non-linearity of the field-emission current

which results in lesser relevant frequency components. For typical expected values, a highest frequency

component of 1 kHz is sufficient11. In Equation (6.1), the transfer function of the measurement system

is given.

Hlf( f ) =
1

1+ j2π f RlfClf − 4π2 f 2 LlfClf
(6.1)

With a frequency of 1 kHz and the values of the DCP components, the maximum usable resistance to

measure 99.9 % of the original signal energy is 4.7 kΩ. Within this work, the value of Rlf is 500Ω.

8 They are defined by the isolation resistance of the gas discharge arrester (> 1 GΩ below 50 V [TDK15]) and caused by
the voltage drop in the measuring path.

9 uvac = 200 kV; dvac = 40 mm
10 Due to the non-linearity of the field-emission current, its frequency components are integral multiples of the basic voltage

oscillation.
11 This is also in accordance with various field-emission current measurements of medium voltage VCBs [KHK10],

[SKCS12], [YWY+14].
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Abbildung 6.5: Frequency components (99.9 % of the signal energy) of the field-emission current in ac-
cordance with the theory

6.2.2 Operating current protection

As can be seen in Abbildung 6.3, the OCP is operated similar to the DCP in parallel to the resistor

Rlf. Consequently, the breaking and inrush currents (operating currents) must be bypassed with a low

impedance (Zocp,on). However, during the recovery phase, its impedance Zocp,off must be sufficiently high

to prevent undesired leakage currents. In contrast to discharge currents, operating currents exhibit a

higher amplitude and a longer time duration. Hence, they cause non-negligible power losses due to the

impedance Zocp,on, leading to a temperature rise of the OCP. As a consequence, the OCP’s high impedance

Zocp,off has to be especially robust against changes in temperature to avoid additional required cooling

phases.

In recent years, an OCP based on anti-parallel power diodes has been widely used. Its ECD12 is shown

in Abbildung 6.6a. The reason for the power diode application lies in its non-linear current-/voltage-

im, ib

Dlf Rlf+Dlf

(a)
ib

Rlf+Sm Sb

im
(b)

Abbildung 6.6: Different OCP principles, (a) passive (diode) protection and (b) active (contactor) protec-
tion

12 For the sake of improved clarity, the resistor Rlf and the DCP are summarized to Rlf+.
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characteristic. This characteristic is described by the following Shockley diode equation,

id = isat

�

exp
�

ud

nuT

�

− 1
�

(6.2)

where id is the diode’s current, ud its voltage, isat the (temperature-dependent) reverse bias saturation

current, uT the thermal voltage and n the ideality factor13 [GPS+51]. According to Equation (6.2), the

diode current id is very small below a certain voltage level corresponding to a high impedance. Above

this voltage level, the properties are reversed. In addition, this transition is voltage controlled. Thus,

diodes in an anti-parallel14 configuration are very suitable as an OCP because the current automatically

commutates from the resistor to the diodes and back without an additional control system. However,

a diode based OCP has disadvantages regarding its measurement uncertainty because of non-linear,

temperature-dependent15 leakage currents. If only a small number of test are conducted, the temperature

rise in the diode is limited and the leakage currents can be compensated (e.g. with a temperature model

of the diode).

Given the desired number of high consecutive capacitive switching operations of this test environment,

the OCP is realized with switches16 (see Abbildung 6.6b). However, as a drawback, this system has to

be actively controlled due to the loss of the automatic current commutation. Based on the different

requirements regarding the making and breaking phase, two individual switches are used. Here, the

inrush current protection switch Sm is optimized to conduct high currents with a very low voltage drop.

Its opening and closing velocity are of secondary importance because the making phase is a separate

event. Therefore, it is designed as a disconnector which is operated together with the current selection

switch Ssel in advance to a test. In return, the breaking current protection switch Sb is a commercial low

voltage contactor17 with a control system optimized for a precise opening 1ms±100 µs after the current

interruption.

6.2.3 Impact of a power diode based protection

In the following, a possible impact of a power diode based OCP to the field-emission current measure-

ment is demonstrated. For this purpose, two identical measurement systems with the exception of the

OCP are operated in series as indicated in Abbildung 6.7. With the data acquisition device’s differential

inputs, both low frequent currents, ilf (switch OCP) as well as ilf,d (diode18 OCP), are measured simulta-

neously19. In this test scenario, the gap distance was set to 4 mm and the RV had only an AC component

with an amplitude of 120 kV to provoke field-emission currents in both polarities.

The result is given in Abbildung 6.8. Here, the upper plot shows the low frequent currents and the

lower one shows the associated field-emission currents. The latter are calculated by compensating the

13 typically varies from 1 to 2
14 to handle positive and negative currents
15 The resistance of Rlf increases with temperature while the diode’s resistance decreases.
16 This principle has been used prior to the diode protection [MNK+75].
17 EATON XTCE series: Zocp,on < 1 mΩ
18 Each diode consists of a series connection of three individual diodes (model: Semikron Skn130/04) following the work

of Koochack Zadeh [Koo11].
19 The measurement reference of the diode based system is different from the ground potential.
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Abbildung 6.7: ECD of the comparison measurement between the two OCP principles
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Abbildung 6.8: Section of the comparison measurement between a passive (diode) and active (switch)
OCP
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capacitive current (software algorithm described in Section 6.2.4). It can be seen directly that the peaks

in the low frequent current ilf,d are truncated. This has, besides the reduced amplitude, an additional

impact on the field-emission current ife,d. In the event that the capacitive current component is also trun-

cated (which is more likely in high voltage VCBs), the final field-emission current ife,d slightly distorted.

In detail, its falling edge is shifted to the left while its current peak is slightly to the right.

While these impacts are quite visible with reference to the original current shape, they are hard to

identify if a power diode based OCP is used exclusively. In particular, fluctuations in the low frequent

current ilf are likely to be missed. In addition, this situation is further aggravated because, in both cases, a

FN analysis can be performed with reasonable results. This has been demonstrated in Tabelle 6.1 where,

for this measurement, the field enhancement factors (mean and standard derivation) of both half-cycles

have been calculated20.

Tabelle 6.1: Field enhancement factors for the complete OCP comparison measurement

half-cycle diode based OCP switch based OCP

positive 508± 61 221± 25
negative 411± 46 217± 12

6.2.4 Data analysis

The data analysis of a field-emission current measurement consists of several steps where usually the last

one is a FN analysis to estimate the field enhancement factor21 βest. Within this work, the data analysis

is extended by a voltage evaluation to identify limitations caused by the test circuit. Because the field-

emission current data analysis is not standardized, all key aspects of the individual steps are described

in the following.

Period and edge detection
In this step, the whole duration of the {1 − cos} - shaped RV is separated into time periods22 (based

on the power frequency) where each contains a rising and a falling edge. The FN analysis itself will be

applied only to a certain area of each edge23 which is shown in Abbildung 6.9. To be independent from

the changing field-emission currents, these areas are determined by the voltage level and are evaluated

in the range of 0.75 p.u. to 1 p.u..

Breakdown detection
In this step, breakdowns are detected to exclude affected time periods from the capacitive current com-

pensation (see next paragraph) and the FN analysis. This has two reasons. First, the contact surface is

changed after a breakdown. Therefore, the (microscopic) field enhancement factor βm, before and after

a breakdown, is different and should be treated separately. Second, the transient currents associated

20 described in Section 6.2.4
21 Within this work, an estimation of the emission area Ae,est is not performed because of its high uncertainty.
22 In case of pure AC two periods of time are used, one for the positive half-cycle and one for the negative.
23 This is necessary due to disturbances and noise in the current signal.

58 6 Simultaneous detection of field-emission currents and charged micro-particles



0 5 10 15 20

Time in ms

0

0.25

0.5

0.75

1

V
a

lu
e

s 
in

 p
.u

.

u
vac

i
fe

rising falling

Abbildung 6.9: Edge selection for the Fowler-Nordheim analysis

with a breakdown are not correctly measured due to the measurement system’s low-pass behavior and

protection circuitry.

Capacitive current compensation
In this step, the field-emission current ife is calculated from the measured low frequent current ilf and

voltage uvac with Equation (6.3).

ife = ilf − ic − iiso = ilf − bCvac ·
duvac(t)

dt
− iiso (6.3)

Here, bCvac is the acting capacitance of the test object and iiso an additional resistive current through its

insulation. The derivative duvac
dt is executed numerically and filtered with a Butterworth low-pass filter

(filter order = 3, cut-off frequency = 500 Hz). Currently, the uncertainty of the measurement system

allows the reliable processing of field-emission currents with amplitudes higher than 100 µA24. Since the

current iiso is much smaller, it is neglected.

To estimate the capacitance bCvac, ife is calculated with the expected value range of 10 pF to 200 pF.

As has been shown in other publications [KHSL11], the optimal compensation is reached at the value of
bCvac, where the signal of ife contains the lowest energy. In order to decrease the uncertainty, an individual
bCvac,i of each period is determined. Afterwards, these values are used to calculate the final capacitance

of the whole signal by averaging. However, only periods without a breakdown and with a stable25 gap

distance are taken into account.

24 The uncertainty can be reduced by increasing the value of Rlf. At this phase, a low value was needed to capture the high
capacitive displacement currents (at low gap distances) for commissioning purposes

25 no oscillations and completely open
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Phase shift compensation
In this step, a possible phase shift26 between the current and voltage signal is compensated. The uncer-

tainty of this compensation27 is 2 µs, and the following criteria, depending on the field-emission current

level, are used:

• ife > ic: t (max (ife))≡ t (max (uvac))

• ife < ic: t (max (ic)) + 5ms≡ t (max (uvac))

Moreover, it uses the same averaging principle as in the previous capacitive current compensation. Howe-

ver, since the phase shift also affects the capacitive current compensation, both steps are run iteratively

until an uncertainty ±2 µs is reached.

Frequency analysis
In this step, first a frequency analysis of the voltage signal is performed. Its goal is to identify influences

in the pre-breakdown development by the test circuit. As has been shown in Section 3.4.1, such an

influence is a drop in the test voltage uvac caused by the test transformer due to a high current steepness.

For this purpose, a Fourier series calculation of each individual RV period is performed and the total

harmonic distortion (THD) determined. It is calculated according to Equation (6.4),

THD=

√

√

√

10
∑

i=2
uvac,i

uvac,1
(6.4)

where uvac,i represents the voltage of the ith-harmonic [Toz04]. Within this work, a THD larger than 1 %

is considered as an interference and the affected period is excluded from further analysis. An example

of this is given in Abbildung 6.10, where for instance, the field-emission current in the first period is

strongly limited by the test circuit.

In case of no interference, an additional Fourier series of the current signal is conducted. However,

instead of calculating the THD, all frequency components necessary to recreate 99.9 % of the signal’s

energy are determined. The highest frequency component is used then to verify that the cut-off frequency

of the measurement system as well as the software filter settings are appropriate.

Fowler-Nordheim analysis
In this step, the field enhancement factors for each period and edge are estimated. For this purpose, FN

plots are used. The slope mFNp of each plot is calculated using a linear best fit line. The fit quality is

evaluated automatically using the residual sum of squares method28. Based on the fact that

• the majority of dielectric breakdowns are observed during the first periods of the RV where the gap

may not yet be stable, and

26 It is caused by different response times of the measurement systems. A value of 4.7 kΩ of the resistor Rlf causes a pahse
shift of 7 µs at 50 Hz.

27 based on the sampling frequency of 500 kHz
28 Within this work, the minimum is 0.995.
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Abbildung 6.10: Example of test circuits interference screening with the voltage signal’s THD

• towards VCBs with higher design voltages, the duration to reach a completely open and stable gap

distance takes longer,

the true electric field strength29 Evac is used in a FN plot.

6.3 Charged micro-particle detection

In Section 2.2.1, it has been stated that micro-particles

• differ from each other primarily regarding their radius, charge and density30,

• are constantly vaporized, re-created and attached/detached from a surface by electrical, mechani-

cal or thermal stress, and,

• are currently impossible to characterize exactly without opening the VI.

However, the current caused by a moving micro-particle with an electric charge Qp can be detected. It

usually appears as a high frequency pulse due to interactions with parasitic elements. Thus, charged

micro-particles can be detected in a non-destructive way by measuring their apparent high frequency

current pulse.

Before this is described in Section 6.3.2, the charge Qp and transit time31 tp of typical micro-particles

are roughly estimated. Under the assumption of a spherical shape and an origin on one of the contact

surfaces, the charge Qp can be estimated according to Equation (2.11). The results for typical particle

radii rp and different surface field strengths Ec are shown in Abbildung 6.11. Assuming that the micro-

29 determined by a voltage and gap distance measurement
30 due to different materials
31 the time a charged micro-particle requires to travel from one contact’s surface to the opposite one
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Abbildung 6.11: Charge estimation of a spherical micro-particle detached from a surface with respect to
the contact surface microscopic field strength Ec

particle’s charge Qp and mass mp do not change during transit32 and that the electric field strength Evac

is constant, the transit time tp can be calculated by solving Equation (6.5).

mp ẍ =QpEvac (6.5)

The micro-particle’s mass mp can be further substituted by its volume and density. For a spherical shape,

this is expressed with Equation (6.6).

mp =
4
3
πr3

pρp (6.6)

Finally, the transit time tp is given by Equation (6.7).

tp =

√

√

√

0.404d3
vacrpρp

u2
vacε0β

(6.7)

The graphical results of this equation are shown in Abbildung 6.12. As can be seen, the transit time

is much smaller than a period of the power frequency. In combination with the charge estimation, this

suggests a certain similarity to partial discharges.

6.3.1 Similarities to partial discharges

PDs occur in solid, fluid or gaseous insulation systems under a high voltage stress. They are caused by

dielectric imperfections and lead to locally restricted dielectric breakdowns. As a result, high frequency

transient current pulses with an individual duration in the range of nano-seconds to micro-seconds ap-

pear. The accumulated electric charge of an insulation system with PD activity is usually in the range of

pico-coulombs to nano-coulombs per period of the power frequency. [HL14]

Thus, charged micro-particles and PDs share the following similarities:

32 for instance, by an interaction with field-emission currents
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Abbildung 6.12: Transit time estimation (gap distance dvac = 40 mm) for a spherical particle for different
homogeneous field strengths and field enhancement factors (β = 10 in (a) and β = 400
in (b))

• transient current impulses with a high frequency

• accumulated charge in the same order of magnitude

In contrast to charged micro-particles, the physics of PDs are well known. In addition, many sophisticated

measurement devices as well as software based analyzing and evaluation tools have been developed in

the last decades [Küc09], [HL14]. Therefore, it is recommended to start the detection of charged micro-

particles based on established PD measurement techniques.

As a consequence of this similarity, a test environment suited to detect charged micro-particles must

have a low PD level. Otherwise, both phenomena can hardly be distinguished from each other. In ad-

dition, also a low EMI level is necessary because they cause disturbances in a high frequency current

measurement. As has been stated in Section 5.1, both requirements have been taken into account in the

test circuit design. A method to verify a sufficient low PD and EMI level is given in Section 6.3.3.

6.3.2 Description of the measurement principle

As has been pointed out, PDs cause high frequency current pulses. These currents are powered by the

electric field in the affected insulation and result in a local energy imbalance. In general, this imbalance

will be compensated by the connected power source. However, its internal inductance in combination

with the current’s high frequency delay this compensation. Thus, this delay can be used to decouple and

measure the current pulses with an additional coupling capacitor.

In case of charged micro-particles, energy is needed for their acceleration. It is provided by the electric

field Evac between the VI’s contacts as well as by the adjacent stray fields. Similar to a PD, this acceleration

results in a local energy imbalance. However, its delayed compensation strongly depends on the micro-

particle’s transit time tp and charge Qp
33. Based on the PD measurement principle, the ECD resulting in

Abbildung 6.13 can be used to describe the charged micro-particle detection. Here, Cpar
34 and Cpar′

35 are

33 a long transit time or a low charge result in a small current

6.3 Charged micro-particle detection 63



Svacuac

Ccc
1

2

ihf,ccCpar

Cpar‘

Zrv

udc

Zccuhf,cc

ihf

Zgnd

Abbildung 6.13: Simplified ECD for a charged micro-particle detection

the parasitic capacitances of the stray fields (combined approximately 50 pF, Zrv the series impedance of

the high voltage sub-circuit, Zgnd the impedance of the return wire and Zcc a PD measuring impedance.

The impedance of Zgnd and Zrv are mainly determined by the inductance of the current path. For this

test circuit, the inductance of the 10 m return wire is approximately 10 µH. The inductance of the high

voltage sub-circuit is much larger than 100 H due to the test transformer.

Without the additional capacitor, the high frequency currents ihf would oscillate and decay mainly in

the parasitic loop 1. However, by adding a coupling capacitor Ccc close to the VCB, an alternative parallel

current path is created (indicated by loop 2). In contrast to the parasitic loop, this path consists of discrete

elements. Thus, it is possible to measure the decoupled apparent current ihf,cc with the impedance Zcc.

However, this decoupled apparent current ihf,cc is only a certain fraction of current ihf. In order to increase

this fraction as close as possible to 1, the following requirements have to be fulfilled:

• the capacitance of Ccc must be large compared to the capacitance of the test object36 Cvac

• the surge impedance of loop 2 must be much smaller than the one of parasitic loop 1

In spite of all efforts, the second requirement is, especially, hard to accomplish. This is based on the

spatial expansion of loop 2 and the moderate equivalent series resistance of the oil filled capacitor Ccc.

The latter is necessary to accomplish the first requirement in a suitable way. As a consequence, the

measurement of the apparent charge of micro-particles implies a high quantitative uncertainty and is, at

this point, rather a detection. Thus, the calibration of the system is much easier compared to a real PD

measurement, where the exact apparent charge shall be determined.

Within this test environment, the apparent currents ihf,cc are measured with the commercially available

PD measuring impedance37 Zcc. This has two advantages. First, it is optimized for current pulses in the

expected frequency range. Therefore, the unwanted power frequent currents are already filtered out.

This can be seen from its transfer function38 given in Abbildung 6.14. Second, it has several implemented

protection systems against over-currents and over-voltages.

34 high voltage terminal of the test platform against earth
35 low voltage terminal of the test platform against earth
36 resulting capacitance between the VI’s contacts and the associated parasitic ones; usually less than 55 pF
37 OMICRON CLP 542
38 measurement uncertainty < 10 %
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Interference due to the breaking arc ignition and extinction
PD measurement systems are designed to investigate dielectrics in the absence of a power frequent arc.

The later is the result of a breakdown which usually ends all PD measurements. In order to detect the

apparent charge of micro-particles, it is now necessary for the system to operate shortly after a real

switching operation. Within this test environment, this includes breaking currents39 up to 2000 A and

their corresponding arcing during the contact separation. Based on the negligible voltage drop across a

VI with closed contacts, the system can only be damaged or influenced during the arcing itself.

In the following, the possible influences of a diffuse arc are briefly discussed. For this purpose, the

simplified current-/voltage-characteristic of an arc in Abbildung 6.15 is used. It can be seen, that usually
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Abbildung 6.15: Typical variation of the arc voltage with respect to the arc current; taken from [Kap11]

39 The making phase is a single event where the PD measurement device can be disconnected.
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the highest voltage steepness40 occurs during arc ignition and arc extinction while the period in between

shows almost no change in voltage41. From these events, the arc extinction is the most critical. First, it is

followed directly by the period when charged micro-particles shall be detected. Second, its voltage steep-

ness is usually higher compared to that of an arc ignition. In general, the apparent charge of regular PDs

or typical micro-particles is much smaller compared to those involved in the arc extinction. Therefore, it

must be assumed, that the protection42 of the PD measurement system will be triggered due to the arc

extinction. As a consequence, the system might be blind for a certain period of time.

6.3.3 Procedure to verify the absence of disturbances

There are two types of disturbances, PDs and EMIs, which can interfere with the charged micro-particle

detection. Within this test environment, the absence of PDs can easily been verified due to the utilization

of a PD measurement. For this purpose, the test circuit has to be set according to the operating sequence

recovery, and rated RV has to be applied. However, verification of absence of EMIs is more complicated

due to the auxiliary systems needed in a synthetic test circuit. In order to ensure a sufficient low EMI test

environment, the following steps have been conducted:

• all four main switches involved in the capacitive switch off test sequence (see Tabelle 5.2), in-

cluding the switch of the field-emission current measurement system’s OCP, have been operated

individually under no load

• the DC voltage source and the AC voltage source have been activated one after the other while the

switches of the test circuit were set according to the operating sequence recovery (see Tabelle 5.2)

• a complete capacitive switch off test sequence has been performed with the exception that the RV

was set to 0 V

• the RV has been applied with the voltage making switch to an already open test object while the

high current sub-circuit was disconnected

During this time, the PD measurement system was connected in the FEOC configuration, and the out-

put of the measurement impedance Zcc was investigated. After identifying and solving an EMI43, the

verification steps were repeated. This procedure was repeated until no further EMI issues occurred.

Finally, the charged micro-particle detection was tested manually. As has been shown in Section 3.2,

there is strong evidence that charged micro-particles are correlated with mechanical shocks. Thus, shocks

were introduced to the VCB by hitting its movable terminal with a wooden stick. During this time, the

test circuit was set to the operating sequence recovery and a RV was applied. As a result, multiple high

frequency pulses have been captured while hitting the VI. An example is given in Abbildung 6.16 where

three pulses have been captured44. The time between two pulses and their number varies with each

mechanical shock. Here, it is 8.6 ms and 9.6 ms. However, their shape and duration are similar.

40 which causes compensation currents between the VCB and the coupling capacitor Ccc
41 high frequency components of the arc voltage are neglected
42 for example Zener diodes in parallel to the output
43 for instance, the trigger system of the current making switch, position relays in the auxiliary breaker, ...
44 The first pulse triggers the oscilloscope.
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Abbildung 6.16: Captured high frequency pulses caused by a mechanical shock insertion
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6.4 Preliminary results

In the following, the preliminary results of the simultaneous detection of field-emission currents and

charged micro-particles are presented. They have been primarily designed for evaluation purposes of the

measurement systems45. As a consequence, the majority of these tests were conducted at an extremely

reduced gap distance (down to 4 mm). This decision was based on the fact that under rated conditi-

ons46, no late-breakdowns or field-emission currents above 20 µA occurred. In addition, some tests were

performed only with the AC part of the RV based on the following reasons:

• PD systems are optimized for AC systems

• in case of field-emission currents, two different dominant emission sites are possible due to the

change of polarity

Furthermore, an arcing time tarc of 5 ms or more has been used. This reduces the electric field stress

within the first period of the RV which otherwise easily causes re-ignitions. This situation is demonstrated

in Abbildung 6.17, where the electric field strength Evac is given for two different arcing times.
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Abbildung 6.17: Homogeneous electric field strength Evac inside the VI during contact separation with
different arcing times

45 They do not represent a scientific investigation of the test object.
46 40 mm, 200 kV
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Simultaneous detection in MPOC configuration
The first tests of the simultaneous detection principle have been conducted in the MPOC configuration.

In order to limit the capacitive current to the field-emission current measurement system, a coupling

capacitor with only 100 pF has been used. Due to the missing ground connection, the output of the

measuring impedance Zcc has been directly processed with a battery powered PD acquisition unit47 and

the detected events have been analyzed with the associated PD evaluation software48. Before each test,

the whole detection system was calibrated with 100 pC impulses while the test circuit was set to the

operating sequence recovery. In the following, two exemplary measurements are shown.

The first one49 is given in Abbildung 6.18. Here, the gap distance is 40 mm, the {1− cos} - shaped RV
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Abbildung 6.18: Simultaneous detection example 1 in MPOC configuration

20 kV, the breaking current up to 80 A and the arcing time 5 ms. The apparent charge threshold was set

to 20 pC. In contrast to the voltage, current and gap distance signals, the apparent charge is displayed in

a phase-resolved PD (PRPD) pattern. Thus, any detected event is plotted (synchronized to the voltage)

as a discrete data point with its associated charge. As can be seen, no detectable field-emission currents

occurred50 and the results of the apparent charge can be described as follows. Before the breaking arc

is ignited, only low noise with a mean value at the threshold level is detected. During the arcing phase,

the apparent charge increases until it reaches a maximum at the arc extinction. This is followed by

an increased noise level with a mean value around 200 pC. One possible explanation for the increased
47 OMICRON MPD 600
48 OMICRON Software for MPD and MI, version 1.6.5
49 general function test with reduced voltage stress
50 This is expected due to the low voltage stress.
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noise level might be the disconnection of the large capacitance Cb of the breaking current source’s LRC-

resonance circuit which functions as a low-pass filter. As a consequence for future measurements, the

threshold level was set to 100 pC.

A measurement with the improved settings is shown in Abbildung 6.19. Here, the gap distance was
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Abbildung 6.19: Simultaneous detection example 2 in MPOC configuration

reduced to 4 mm and the RV has only an AC component with an amplitude of 50 kV to provoke field-

emission currents. As can been seen, beside the occurrence of field-emission currents51, also possible

charged micro-particles above the noise level were detected. However, as a result of the MPOC configu-

ration, the charged micro-particles are entirely analyzed with a PD measurement system (acquisition and

evaluation). Given the fact that these tools are not designed for this kind of measurement environment,

it cannot be excluded that the detected events are after-effects due to arcing based over-loads. Thus, in

the following, measurements are conducted in the FEOC configuration.

Simultaneous detection in FEOC configuration

In contrast to the previous measurements, here, the output uhf,cc of the impedance Zcc can be analyzed

directly with the oscilloscope. In addition, it is possible to reconfigure the coupling capacitor Ccc to its

rated capacitance of 1 nF. Based on this configuration, Abbildung 6.20 shows the result of measurement

with identical test circuit parameters as used for Abbildung 6.19.

51 In the first periods the gap distance is not constant. Thus, its capacitance changes. As the capacitive displacement current
compensation uses a constant capacitance, the signal of the field-emission current appears to be phase shifted.
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Abbildung 6.20: The first seven periods of an exemplary simultaneous detection in the FEOC configura-
tion

As can be seen, in this particular measurement, during the first 30 ms of the recovery phase the signal

uhf,cc is truncated. This is due to its protection system against over-loads. After this time, the system

functions normally, and randomly distributed voltage pulses are detected. As micro-particles can be re-

leased by mechanical shocks as well, the detected pulses are not necessarily synced with the voltage

stress (unlike PD). At the moment, these pulses cannot be analyzed further due to the lack of suitable

tools (see Kapitel 7). However, it is possible to determine if high frequency current activity in the VI oc-

curs or not. Within the limited number of experiments52, these pulses have been detected, with different

statistical patterns, up to 1.4 s into the recovery phase, before they completely disappear. This behavior

is exemplary demonstrated in Abbildung 6.21 with the associated complete signal of the measurement

above. Additional high frequency current signatures with the same test configuration are located in the

Appendix. By eliminating all other high frequency EMIs (see Section 6.3.3), it can be concluded, that

these current pulses are caused by charged micro-particles inside the VI.

52 less than 100
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7 Discussion and conclusion
This chapter starts with a review of the possibilities and limitations of the realized test circuit and test

object. Afterwards, possible improvements of the field-emission current measurement and the introduc-

tion of a charged micro-particle detection system are discussed. In both cases, preliminary results are

used to recommend possible steps for further investigations. This chapter ends with a discussion of the

simultaneous detection principle of both pre-breakdown phenomena and a recommendation for the most

suitable measurement circuitry.

7.1 Summary of the realized test circuit

Within this work, a (low power) synthetic test circuit has been constructed to test 72.5 kV VCBs under

the condition of capacitive load switching. Compared to the existing designs used in the medium voltage

level, the long-term stability of the RV1 has been improved. This makes it possible to investigate late-

breakdowns even several hundreds of milli-seconds after the beginning of the RV. Furthermore, the RV

is switched to the test object less than 100 µs after the natural current zero of the breaking current.

This makes it possible to investigate the impact of the VCB’s mechanical chain to the occurrence of late-

breakdowns. The only drawback of this optimization is the fact that the initial transient component of

the RV cannot be realized anymore (at least not without additional components). Currently, there are

no indications that this period influences the phenomenon of late-breakdowns. Thus, the latter can be

investigated more efficiently with this test circuit compared to designs upscaled from the medium voltage

level.

In addition, the test circuit and the test object are designed with a sufficient low PD and EMI level

to allow sensitive detection of charged micro-particles. Regarding the test circuit, these requirements

result in optimized auxiliary systems and additional field grading elements which have no impact on the

current-/voltage-characteristic of capacitive switching test. However, the situation is different in case of

the test object. Here, in order to ensure a low PD level and to avoid external dielectric breakdowns, in

a first step, a customized VCB is used. However, this design (see Abbildung 5.3) differs in two aspects

from a usual live-tank VCB (see Abbildung 2.1). First, its floating potentials of the vapor shield and

the internal field grading elements are different. This is mainly caused by the use of a liquid insulation

medium (dielectric constant 1.90) instead of a gaseous one (dielectric constant nearly one). Second, the

test VI is mounted horizontally instead of vertically2. This has, among other things, a strong impact on

micro-particles. For instance, in a horizontal position, micro-particles can fall off the contact surface due

to the earth’s gravity field. While this practically designed test object is suitable for initial measurements

regarding the charged micro-particle detection, it should be replaced with a regular VCB as soon as

enough experience has been gathered.

1 refers to the reduction of the DC voltage component decay
2 due to space limitations
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7.2 Discussion of the pre-breakdown current measurement

In the following, the improvements regarding the measurement and analysis of field-emission current as

well as the identified detection principle for charged micro-particle detection are discussed. Finally, the

simultaneous use of both detection principles is reviewed and recommendations for future measurement

are given.

Field-emission current measurement and analysis
In a first step, the a field-emission current measurement system concept from the medium voltage level

has been adapted towards a high number of consecutive capacitive switching operations. To achieve this,

its passive power diode based protection has been replaced. Instead, a switch based system has been

implemented which utilizes a synthetic test’s property of a predefined high voltage and high current

phase. Based on a comparison measurement between both protection principles, the following conclusion

can be made. In a synthetic test environment, there is no need to use a diode based protection. Here, a

power diode based protection is a possible source of a systematic measurement error.

In a second step, the FN analysis has been combined with a frequency analysis of the RV to detect

mutual interferences between the test circuit and the test object. Such interferences are, for instance,

capable of limiting the amplitude and rise time of field-emission currents and can hereby prevent its

further development to a dielectric breakdown. However, with a determination of the total harmonic

distortion of each period of the RV, these limitations can easily be identified and separated from further

analysis.

Micro-particle detection
Within this work, a method to detect micro-particles in a VCB has been presented. It has been shown

that charged micro-particles can be detected with this method and that their electrical characteristics

are similar to PDs. Therefore, the PD measurement principle can be utilized for their detection. As a

consequence, this requires a test environment with a sufficient low PD and EMI level. However, especially

the low EMI level is difficult to verify. This is caused by the auxiliary systems needed in a synthetic

test circuit to perform, for instance, a breaking operation3. Thus, a suitable EMI absence verification

procedure has been introduced.

Based on first measurements, the following recommendations regarding the use of a PD measurement

system can be made:

• a coupling capacitor and a PD measuring impedance are suitable to detect the apparent charge

of micro-particles. However, the over-load protection of the PD measuring impedance causes a

blindness4 after the breaking arc is extinguished.

• a PD acquisition unit in combination with the associated evaluation software is not suitable. This

is due to the fact that these tools are not designed to work immediately after breaking operations.

As a results, false apparent charge events might detected.

3 For example, the position sensor switch of the auxiliary breaker snaps into its final position during the recovery phase
and is usually operated with 110 V DC.

4 up to a few periods of the RV
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Thus, in order to estimate the amplitude and frequency range of charged micro-particle events, a PD

measuring impedance is well suited. However, as soon as these parameters have been determined, the

measurement system has to be improved regarding its blindness. For this purpose, a similar bypass switch

as in the field-emission current measurement system can be used.

A further challenge is the data acquisition. This is based on the high frequency components in the mea-

suring signal of a charged micro-particle event. As a consequence, a high sampling of at least 100 MSs−1

is required which cannot be maintained during the whole duration of the RV (up to seconds)5. Instead, a

threshold triggered sequential measurement has to be conducted. However, especially due to the effects

of the breaking operation, this trigger has to be linked with the test sequence6 to prevent false detections.

Thus, a customized event based data acquisition is needed.

Based on preliminary results the following can be stated. First, a detection of charged micro-particles

in a VCB after a real switching operation is in principle possible. Second, there is an indication that

charged micro-particles can be released up to seconds after the current interruption.

Simultaneous detection principle
There are two possible measurement circuits available to detect field-emission currents and charged

micro-particles simultaneously. However, in each case, the uncertainty of one measurement remains un-

changed7 while the other one is decreased. Based on preliminary measurements, the FEOC configuration

offers the best compromise due to the following reasons:

• The increase of uncertainty in the charged micro-particle measurement is of secondary importance

because the charge Qp alone8 has only a small significance. Thus, this measurement is in any

case rather a detection to determine the presence and frequency of occurrence of charged micro-

particles.

• A field-emission current measurement is not practical in a MPOC configuration due to the higher

amplitude of total capacitive current. Here, the normal capacitive current of the test object is incre-

ased by the current caused by the coupling capacitor. Thus, the value of the measuring resistance

has to be decreased to capture the total capacitive current which, in turn, increases the uncertainty

of the field-emission current measurement.

• All measurements can be conducted with respect to ground reference.

It is therefore recommended to use the FEOC configuration for further measurements rather than the

MPOC.

5 Practical data acquisition tools do not have enough memory.
6 Without this requirement, the sequenced memory mode of a modern oscilloscope could be used.
7 with respect to a single measurement with only this system
8 without the knowledge of its mass and shape
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Appendix

Additional high frequency current signatures

0
2
0
0

4
0
0

6
0
0

8
0
0

1
0
0
0

1
2
0
0

1
4
0
0

1
6
0
0

T
im

e
 i

n
 m

s

-3-2-10123
Signal in divisions

u
va

c
 
(2

0
 k

V
/d

iv
)

0
2
0
0

4
0
0

6
0
0

8
0
0

1
0
0
0

1
2
0
0

1
4
0
0

1
6
0
0

T
im

e
 i

n
 m

s

-1

-0
.7

5

-0
.5

-0
.2

50

0
.2

5

0
.5

0
.7

51

Signal in p.u.

u
h

f,
c

c

Abbildung 7.1: Additional complete high frequency current signature; same circuit setting as in Abbil-
dung 6.21
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Overview of the laboratory
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