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STRESZCZENIE

Badania nad ograniczeniem tuku elektrycznego
w lacznikach elektroenergetycznych niskiego napiecia

mgr inz. Piotr Oramus

Problematyka pracy doktorskiej dotyczy zagadnien ograniczania tuku elektrycznego w tacznikach
elektroenergetycznych wykorzystujac elementy potprzewodnikowe. Jest to aktualny problem naukowy
w projektowaniu uktadéw taczeniowych nowej generacji o zwiekszonej niezawodnosci.

W pierwszej czgsci przedstawiono podstawy teoretyczne mechanizmu powstawania tuku elektrycznego
oraz tworzenia sie erozji tukowej w facznikach niskiego napiecia. Nastepnie zaprezentowano metody
ograniczania energii tuku wraz z przyktadami badan przeprowadzonych w tej dziedzinie. W dalszej czesci
pracy, przedstawiono wyniki badan przeprowadzonych przez autora nad ograniczaniem energii tuku w
zaprojektowanym i wykonanym uktadzie pomiarowym.

Dla realizacji celu pracy wykonano program badan eksperymentalnych obejmujacy dtugoczasowe
cykle oddziatywania tuku elektrycznego na materiat stykowy tacznikéw dla wybranej metody
wspomagajacej gaszenie tuku elektrycznego. Dokonano poréwnania efektywnosci metod pasywnych oraz
metody hybrydowej z zastosowaniem elementéw energoelektronicznych ograniczania tuku elektrycznego,
przeprowadzono analize energii tuku dla rozpatrywanych topologii oraz badania morfologiczne powierzchni
stykowych. Pomiary ograniczania energii tuku elektrycznego dla r6znych metod ograniczajacych energie
wykonano w indukcyjnym obwaodzie pradu przemiennego, w celu poréwnania ich skutecznosci dla dwéch
réznych napie¢ zasilajacych obwdd (12 'V oraz 230 V). Badania prowadzone byty dla nastepujacych
konfiguracji: faczenie synchroniczne z precyzyjnie okreslong chwilg separacji stykoéw badanego stycznika,
dotaczanie pasywnych elementéw RC oraz nieliniowych elementéw napieciowych réwnolegle do stycznika
oraz rownolegle dotgczanie aktywnych elementéw poiprzewodnikowych. Zaprezentowano wyniki badan
materiatowych dla ograniczania erozji tukowej. Przedstawiono propozycje konfiguracji taczenia
hybrydowego, ktére zostato zidentyfikowane jako metoda dajgca najlepsze efekty dla ograniczania energii
tuku w rozpatrywanym uktadzie.

Do oceny skutecznosci ograniczania tuku w tgczniku wykorzystano zmierzone czasy tukowe oraz
obliczone energie tuku elektrycznego dla rozpatrywanych metod. Przeprowadzono takze rejestracje
dynamiczng uktadu stykowego badanego stycznika z uzyciem szybkiej kamery. W badaniach erozji tukowej
wykorzystano styczniki, ktore wykonaty kilkaset tysiecy operacji taczeniowych. W celu oceny stopnia erozji
powierzchni badanych stykéw wykorzystano mikroskop optyczny, profilometr, oraz metode skaningoweyj
mikroskopii elektronowej sprzgzona z mikroanaliza pozwalajaca na identyfikacje (powierzchniowa i
objetosciowa) pierwiastkdw chemicznych wchodzacych w sktad badanego materiatu.

Stwierdzono, ze zastosowanie elementdw pasywnych do ograniczania energii tuku daje rézne rezultaty
zalezne od parametréw rozpatrywanego obwodu. Z tego powodu zastosowanie pasywnych elementéw do
ograniczania energii tuku powinno by¢ analizowane w indywidualny sposéb dla kazdego obwodu, w ktérym
istnieje koniecznos¢ ograniczania energii tuku. Zastosowanie taczenia synchronicznego daje dobre rezultaty
dla ograniczania energii tuku, jednak z praktycznego punktu widzenia powtarzalnos¢ uzyskanych efektow
moze zaleze¢ od czynnikéw zewnetrznych (np. warunkdw srodowiskowych), w ktérych stycznik pracuje.

Efektem pracy uzyskanym w oparciu o program wykonanych badan eksperymentalnych oraz analizy
morfologiczne powierzchni materiatéw stykowych i analize energii tuku oraz przebiegéw czasowych, jest
propozycja ukfadu tagcznika hybrydowego, zawierajgcego programowalny modut sterujacy elementami
potprzewodnikowymi.

W pracy wykazano, ze taczenie hybrydowe pozwala skutecznie ograniczy¢ energie tuku niezaleznie od
parametréw obwodu, dlatego tez metoda ta zostala wybrana do dalszych badah nad ograniczaniem erozji
tukowej. Wyniki przeprowadzonych badan pozwalaja stwierdzi¢, ze zastosowanie taczenia hybrydowego
skutecznie ogranicza erozje tukowa. Zostato to potwierdzone zaréwno podczas obserwacji mikroskopowych
powierzchni stykéw, jak réwniez w toku analiz profilow chropowatosci oraz analiz sktadu chemicznego
zewnetrznych warstw badanych powierzchni stykéw.

Wyniki pracy moga zosta¢ wykorzystane w projektowaniu nowych generacji tacznikdw hybrydowych
niskiego napiecia oraz w badaniach naukowych.



ABSTRACT

Researches on Limitation of Electric Arc in Low Voltage Switches

M.Sc.Eng. Piotr Oramus

Scope of the thesis deals with issues related to limitation of electric arc in low voltage switches through
an application of semiconductor components. This is a current scientific problem in the design of a new
generation of switching systems with increasing reliability.

In the first part of the thesis, theoretical basics of mechanism of electric arc formation and creation of
arc erosion in low voltage switches are discussed. Hereafter, methods for limitation of electric arc energy
with examples of researches conducted in this field are presented. In the next part of the thesis, measurement
results of researches performed by author on limitation of electric arc energy in designed and prepared
laboratory stand are shown.

In order to realize the purpose of this work, a program of experimental researches comprising long-time
cycles of electric arc influence on contact material was conducted for selected method supporting limitation
of electric arc. Moreover a comparison of effectiveness of passive methods, and hybrid switching with
implementation of power electronic elements for limitation of electric arc energy is presented. Additionally,
an analysis of electric arc energy for considered topologies and material researches of contact surfaces was
performed. Measurements of limitation of electric arc energy were performed for various methods limiting
electric arc energy in an inductive alternative current circuit to compare effectiveness of considered methods
at two various supply voltages (12 V and 230V). Researches were conducted for the following
configurations: contact separation of the operated switch at precise time slot of current period, connection
of passive components RC, nonlinear voltage components and active semiconductor components connected
in parallel to the operated switch. Measurement results for limitation of arc erosion are presented and
discussed in the thesis. Furthermore, a proposal of hybrid switching system, which was determined as the
most effective method for limitation of electric arc energy in considered circuit, is presented.

Measured arcing times and calculated electric arc energies were used to evaluate effectiveness of
limitation of electric arc energy for considered methods. Dynamic registration of contact system of tested
switch was performed by means of high speed camera. Switches which performed several thousands of
switching operations were used to conduct researches on arc erosion. In order to evaluate the degree of arc
erosion of contact surfaces, the following devices and methods were used: optical microscope, roughness
tester, scanning electron microscopy coupled with energy dispersive spectroscopy (this method enables one
to obtain superficial and volumetric identification of the chemical elements of the material tested).

It has been concluded that application of passive components to limit electric arc energy provides
different effects which depend on parameters of considered circuit. For this reason, application of passive
components in limitation of electric arc energy should be analyzed in an individual way for each considered
circuit, in which limitation of electric arc energy is necessary. Application of contact separation of the
operated switch at precise time slot of current period provides good effects for limitation of electric arc,
however, from practical viewpoint, repeatability of effects obtained may be dependent on external factors
(e. g. environment conditions in which the switch works).

The result of this thesis, which was obtained on the basis of the program of experiments performed and
morphological analyses of contact surfaces and analyses of limitation of electric arc, is a proposal of the
hybrid system with mechanical switch. Proposed solution contains programmable control module which
enables the control of semiconductor components.

The thesis demonstrates that the hybrid switching is able to limit efficiently electric arc energy
independently of parameters of circuit, therefore, this method was selected to perform further researches on
limitation of electric arc erosion. Measurement results lead to the conclusion that application of hybrid
switching limits electric arc erosion efficiently. This has been proved both by performed microscope
observations of contact surfaces, as well as, in course of analyses of roughness profiles and analyses of
chemical composition of external layers of tested contact surfaces.

Measurement results presented in the thesis can be used to design a new generation of hybrid low
voltage switches, as well as, in further scientific researches.
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1 List of Abbreviations and Symbols

1.1 Abbreviations and symbols used throughout the thesis

The following table describes abbreviations and acronyms used throughout the thesis.

Abbreviation | Meaning
AC Alternative Current
Cs The capacitance of the RC arc suppressor
DC Direct Current
Earc The electric arc energy calculated as the integral from the product of the
voltage and the current from the time, when the contacts of the operated
switch start to separate up to the time, when the electric arc quenches
Ea The electric arc energy
Es The energy dissipated at the branch connected in parallel to the operated
switch
EDS Energy Dispersion Spectroscopy
FPS Frame Per Second
HCB Hybrid Circuit Breaker
he The height of the sphere with the contact material that evaporates during
the bridge decay
HV High Voltage
la The current of the electric arc
is The current of the external branch connected in parallel to the tested
switch
i The current of thyristor gate (in practice, it is the current for triggering
the SSR)
Is The current of the tested switch
Isp The current of the switch drive
iT The current flowing through the thyristor (in practice, it is the current
flowing through the SSR)
GTO Gate Turn-Off thyristor
LV Low Voltage
MCB Miniature Circuit Breaker
MOV Metal-Oxide Varistor
MV Medium Voltage
Pa The electric arc power
Pe The power dissipated at the branch connected in parallel to the operated
switch
Prmax The maximum value of the power that can be observed in the analyzed
waveform
PSD Particle Sputtering and Deposition
PTC Positive Temperature Coefficient
Ra The average roughness of the analyzed contact surface
RCD Residual Current Device
Rs The resistance of the RC arc suppressor
R, The ten point average roughness of the analyzed contact surface




Abbreviation | Meaning
Rmax The maximum roughness height within a length of the analyzed contact
surface
Rwe The radius of the isotherm with the temperature TWP in the zone of the
bridge decay
SEM Scanning Electron Microscope
tarc The time interval between the instant when the electric arc starts to burn,
and when the electric arc quenches
ts Time, when the contact bridge starts to create
to The time, when the contacts of the operated switch start to separate
toa The time, when the electric arc burns in second chamber, and the current
starts to commutate into semiconductor branch during hybrid switching
tos The time, when entire current commutes into an external branch
too The time, when the signal to open the switch is given to switch drive
191 The time, when the electric arc is quenched
tis The time, when the commutated current into parallel branch stops
flowing
t The time, when the steady state voltage appears between the contacts of
operated switch after the end of the TRV
tzc The time, when the control unit detects current zero-crossing
TRV Transient Recovery Voltage
TRIAC Triode for Alternating Current
TVS Transient VVoltage Suppressor
SCR Silicon-Controlled Rectifier
SSR Solid State Relay
Ua The arcing voltage
Uarc_ign Arc ignition voltage
Uarc_quen Voltage of quenching arc
Uarc_max The maximum arcing voltage (before quenching the electric arc)
Urs Voltage of the power source
Us The voltage measured across the operated switch
Uthreshold The value of the voltage, when the nonlinear voltage-current component
starts to conduct
UTrv_max The maximum value of the Transient Recovery Voltage
Uz The Zener Voltage of the Zener diode
VCB Vacuum Circuit Breaker
VDC Voltage-Dependent Components
VDR Voltage-Dependent Resistor
Vs The volume of the evaporated material from the contact surface during
the bridge decay
ZVL Zener Voltage Limiter

1.2 Abbreviations used to mark waveforms

The following table describes abbreviations used throughout the thesis to mark measured and
calculated waveforms presented in the sections 7-8. Due to many combination of the
abbreviations, the description was simplified as below. The selected abbreviations of the
waveforms were described below the table.




Abbreviation

Meaning

ex_vyvyy_zz

Calculated energy:

X: type of the calculated energy.

A — electric arc energy,

B — energy absorbed by a branch connected in parallel to the operated
switch.

YYY: type of parallel branch connected to the operated switch.

RC — RC snubber, VDR - Voltage-Dependent Resistor,

TVS - Transient VVoltage Suppressor, ZVL — Zener Voltage Limiter,
HS — hybrid switching, none — standalone switch

ZZ: time, when contacts of the operated switch started to separate: 35°,
90°, 145°, 0° (just before current zero-crossing )

IX vy zz°

Measured current:

X: the place, where the current was measured.

S — the operated switch,

B — parallel branch connected to the mechanical switch.

YYY: type of parallel branch connected to the operated switch.

RC — RC snubber, VDR - Voltage-Dependent Resistor,

TVS - Transient Voltage Suppressor, ZVL — Zener Voltage Limiter,
HS — hybrid switching, none — standalone switch

ZZ: time, when contacts of the operated switch started to separate: 35°,
90°, 145°, 0° (just before current zero-crossing )

Px_yyy_zze

Calculated power:

X: type of the calculated power.

A — electric arc energy,

B — power generated at a branch connected in parallel to the operated
switch.

YYY: type of parallel branch connected to the operated switch.

RC — RC snubber, VDR - Voltage-Dependent Resistor,

TVS - Transient Voltage Suppressor, ZVL — Zener Voltage Limiter,
HS — hybrid switching, none — standalone switch

ZZ: time, when contacts of the operated switch started to separate: 35°,
90°, 145°, 0° (just before current zero-crossing )

Ix_yyy_zz

Calculated resistance:

X: type of the calculated resistance.

A — electric arc resistance,

B — resistance of a branch connected in parallel to the operated switch.

YYY: type of parallel branch connected to the operated switch.

RC — RC snubber, VDR - Voltage-Dependent Resistor,

TVS - Transient Voltage Suppressor, ZVL — Zener Voltage Limiter,
HS — hybrid switching, none — standalone switch

ZZ: time, when contacts of the operated switch started to separate: 35°,
90°, 145°, 0° (just before current zero-crossing )

Us vy zze

Measured voltage across the operated switch:

YYY: type of parallel branch connected to the operated switch.

RC — RC snubber, VDR - Voltage-Dependent Resistor,

TVS - Transient VVoltage Suppressor, ZVL — Zener Voltage Limiter,
HS — hybrid switching, none — standalone switch

ZZ: time, when contacts of the operated switch started to separate: 35°,
90°, 145°, 0° (just before current zero-crossing )
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The selected abbreviations of the waveforms presented in the sections 7-8 were described
below as the example according to above table:

es_nHs_soe — Energy absorbed by semiconductor branch connected in parallel to the operated
switch, the contacts of the operated switch start to separate at 90° of the current period.

is_1450— Current of the operated switch, any branch connected in parallel to the operated switch,
contacts start to separate at 145° of the current period.

pa_vor_sse — Calculated power of the electric arc, Voltage-Dependent Resistor was connected
in parallel to the operated switch, the contacts of the operated switch start to separate at 35°
of the current period.

Us_zvi_sse — Measured voltage across the operated switch, Zener Voltage Limiter component
was connected in parallel to the operated switch, the contacts of the operated switch start to
separate at 35° of the current period.
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2

2.1

Preface

Introduction

Electrical switches find an application in electric circuits which are being used in each branch
of an industry, as well as, in residential installations. The main purpose of these devices is to
provide the electric energy to consumers through an energization and a de-energization of
electrical circuits. Among all constructions of switching apparatus, the greatest importance
lies in mechanical switches, which carry out the switching operation by the movement of
mechanical contacts (within each pair of contacts, at least one is a moveable contact). The
mechanical switches can be divided by: the type of performing operation, the voltage level,
the maximum interrupted current, ability to make appropriate insulating gap due to protection
against electric shock, the type of interrupting current, the ability to carry out the switching
operation in specific environmental conditions. The following thesis is focused on mechanical
LV switches dedicated to indoor application that are able to interrupt nominal AC current.

The proper functioning of switching apparatus depends on surface conditions of electrical
contacts, especially under short-circuit conditions. It should be also emphasized that, the
electrical contacts are a part of an electrical switch, which is the most responsible for its proper
functioning. Moreover, the design of the electrical contacts must be resistant for phenomena
such as: a mechanical abrasion, an oxidation and a corrosion, contact welding, heating and a
temperature rise, and especially the electric arc erosion of the contacts. It should be
highlighted that the greatest influence on the process of formation of the electrical arc erosion
lies in a type of the contact material and the construction of the contact system (especially a
shape and a size of the electrical contacts, a type of a quenching chamber, etc.).

The limitation of electric arc erosion leads to maintain surface of electrical contacts in good
conditions for longer time, which as a consequence causes an increase of the switch lifespan.
For this reason, the limitation of the electric arc erosion is important issue to provide a
reliability of electricity distribution in electrical power systems. The main method for the
limitation of the arc erosion is to reduce the electric arc energy. The electric arc erosion is
mainly limited in AC switches by the application of a specified contact system (an appropriate
contact material, a shape and of the electrical contacts, a design of the quenching chamber,
etc.). However, the electric arc energy can be also limited by means of the electrical methods
— as addition of external branches connected in parallel to the operated switch (including also
semiconductor hybrid solutions), which leads to limit the arc energy by the commutation of
the part of the interrupting current. Another method for limiting the electric arc energy during
current interruption in AC circuits can be an application of time-controlled drive switch that
is able to provide the possibility of the contact separation at precise time in reference to the
current period.

The following thesis covers researches on three methods for the limitation of the electric arc
in LV switches leading to limitation of electric arc erosion (an application of time-controlled
switching, a connection of external branches in parallel to the operated switch, as well as, the
application of the hybrid switching). Presented researches show in which extent the electric
arc energy can be limited by application of different methods in inductive electrical circuit
with defined parameters. This type of the circuit was selected to the researches, because
inductive circuits can be found practically in every electric device, both in solutions dedicated
to a domestic usage (such as: household appliances, electro-tools, heating equipment,
lightning devices, intelligent home systems, etc.), as well as, in the heavy industry
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2.2

applications (such as: electric motors, arc furnaces, power electronic inverters, power
transformers, special industrial equipment, etc.) Therefore, the presented inhere methods can
be used to protect the contacts of the operated switches that can be applied in many industries,
which simultaneously can have an influence on increasing a reliability of many electrical
circuits. Mechanisms describing formation and maintenance of the electric arc were
characterized in this work together with theoretical background for arc erosion formation.

This thesis presents a comprehensive approach to compare the effectiveness of different
methods applied in the tested circuit with defined parameters for limiting the electric arc
energy. The researches were performed in the tested circuit at two levels of the voltage supply
to indicate the influence of the voltage source on the voltage-current characteristics of the
electric arc. This approach was applied to show how the voltage-current characteristic impacts
on the efficiency of the limitation of the electric arc energy for methods, which are based on
the connection of the passive components (RC snubber and nonlinear voltage components) in
parallel to the operated switch. Application of passive parallel branch connected to the
operated switch may be able to make commuting the current from the operated switch into
the external branch during the current interruption possible. In the next stages of the
researches, performing time-controlled separation of the contacts of the operated switch, and
application of the hybrid switching with connection of the semiconductor branch in parallel
to the operated switch were investigated. The hybrid switching was determined as the most
effective method to limit the electric arc energy among all considered methods (which was
proved by electrical measurement results and registrations of the electric arc formulation that
was performed by means of high speed camera). For this reason, this approach was applied to
perform researches on the limitation of the electric arc erosion in the tested circuit. For this
purpose, 200 000 current interruptions were performed in total by four tested switches (50 000
operations were performed by each tested switch). In course of experiments, the current was
being interrupted by two standalone switches, and the current was being interrupted by two
switches with applied the hybrid switching. The conditions of the contact surfaces taken from
the tested switches were investigated and compared with a new contact surface. For this
purpose, the camera, the optical microscope, the roughness tester, as well as, the Scanning
Electron Microscope (SEM) coupled with the Energy Dispersive Spectroscopy (EDS) were
applied. The application of the hybrid switching caused a reduction in the electric arc erosion
significantly in the contacts of the tested switches in comparison to the contacts taken from
the tested switch that was being interrupted the current as the standalone one.

Presented methods for the limitation of the electric arc energy can be applied in the design of
improved switches having the following features: a longer expected lifespan, an increased
expected number of the switching operations, an increased maximum interrupting current
rating for an unmodified design of the contact system, an increased permitted switching
frequency in defined time, reduced dimensions of the contact system at the same electrical
parameters.

Literature Research — the State of the Art

Researches on the electric arc energy and electric arc erosion were being performed in the
past by many researchers under different conditions in various electrical circuits.

Over past decades in Poland, significant contribution in researches on the electric arc was
given by researches from Polish Universities. A great influence on the Polish development of
switching researches was greatly influenced by scientists of the L.ddZz University of
Technology, who analyzed phenomena related to the electric arc and switching devices in
many aspects, such as: electric arc physics [18, 24,25, 129], contact materials
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[23, 38, 137, 138, 140], contact systems [24, 25, 141], simulations of the electric arc [127],
reliability of the switches [23, 24, 68], behavior of the electric arc in vacuum [139], and drive
systems [128]. Significant contribution in analyses of the electric arc phenomena was also
given by scientists from the Warsaw University of Technology, who performed researches
focused mainly on switching transients in power systems, the air-insulated and vacuum-
insulated power apparatus rated at medium voltage and at high voltage [10-12, 32, 42, 72,
86-88]. Experiments on plasma physics, vacuum switching, and thermal issues of the
electrical contacts were performed at the Poznan University of Technology [58-61, 66, 76].
The researches related to arc phenomena and reliability of the low voltage switches, and the
vacuum switching technology were also performed at Wroctaw University of Science and
Technology [66, 146-148]. Other important place on scientific map of Poland is Institute of
Power Engineering localized in Warsaw, where many researches on medium and high voltage
devices were performed [142, 143]. The analyses of switching transient states dedicated
mainly to the insulation coordination purposes, as well as, focused on harmonic distortion
were performed at the AGH University of Science and Technology [19, 43, 44, 51, 70]. Issues
related to the electric arc were also the object of researches at Czgstochowa University of
Technology, where the parameters of the electric arc were researched mainly for welding
applications [111-113]. Researches on durability of power switches were conducted at Lublin
University of Technology [65]. The Gdansk University of Technology is also the important
place on the map of Poland for developing electrical apparatus, where the researches on power
switches have been performed for many years [145].

The research on the time-controlled separation of the electric contacts in AC circuit, which is
presented in this work as one of the considered methods applied to limit the electric arc were
performed and presented in many scientific works in the past. Researches on application of
the synchronous switching both in tested circuits with low voltage switches [18], as well as,
in MV switches dedicated to rail application [15, 16] were being conducted at £.6dZ University
of Technology. Time-controlled switching in LV switches was being also investigated by
other researchers from other countries [136]. The application of synchronous switching is
being applied to avoid dangerous transient state especially in HV electrical power systems
during breaking and making operation performing by means of circuit breakers
[21, 30, 91, 93, 101, 110]. For this purpose, dedicated devices are available commercially on
the market, which are being used to control precisely contacts of circuit breakers for limiting
the inrush current, as well as, for limiting switching overvoltages [2, 120].

Another considered method that is presented in this thesis to limit the electric arc energy is a
connection of a passive branch (that are not required external supply) in parallel into the
operated switch. For this purpose, two approaches were investigated — a connection of the RC
snubber in parallel to the operated switch, as well as, the connection of the nonlinear voltage-
current components in parallel to the operated switch.

The basic idea for connection of the RC snubber in parallel to the operated switch to limit the
electric arc is simple — when the contacts of the operated switch just begin to separate and the
electric arc starts to create, the load current feeding the arc should be shunted into the parallel
capacitor through the series resistance, depriving the arc of some of its energy. As a result,
arc duration should be shortened and a loss of the contact material should be also minimized.
This approach is commonly used in industrial installations to protect the contacts of the
operated switch because of cheapness and simplicity of the method, however, this method is
able to limit the electric arc energy only slightly. Moreover, there is no unequivocal method
to select the parameters of the RC snubber for different types of the interrupting loads. The
manufacturers of the commercially available RC snubbers that are dedicated to limit the
electric arc energy present different approaches for calculation of the RC parameters
[4, 52, 80, 100, 109, 131]. RC snubbers are also being applied in electrical circuits to protect
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2.3

the semiconductor components against overvoltages and steepness dU/dt [1, 152], as well as,
to limit transient states during switching operations in electric power systems [39, 85].

The application of nonlinear voltage-current components connected in parallel to the operated
switch provides a possibility for the current commutation into the branch connected in parallel
to the operated switch, if the arcing voltage during the current interruption exceeds the
minimal operating voltage of the nonlinear component. This approach is being applied as an
alternative or a supplement for the RC snubber connected in parallel to the operated switch
[4, 55, 79, 103, 109, 133]. Nonlinear voltage-current components are also applied in electrical
circuits to limit the overvoltage during transient states [152].

The last method presented in frame of this thesis, which is being applied to limit the electric
arc energy is the hybrid switching. This method is based on a connection of semiconductor
components with a mechanical switch. The hybrid switching is a method that was presented
in many scientific works [5, 14, 17, 81, 87, 88, 118]. As shown in [119], hybrid switches can
be developed with using different components and topologies, also their functionality can be
different: limiting short circuit current, a reduction of the arcing time, a limitation of the
electric arc, implementation of the soft-start functionality, synchronous switching, support for
switching DC currents. In this thesis, hybrid switching was used to limit the electric arc energy
in the tested AC circuit. Thus, the interrupting current is able to commutate into the parallel
semiconductor branch connected to the operated switch, just after the separation of the
contacts and stops flowing in the analyzed circuit at its next current zero-crossing.

In course of conducted experiments, the hybrid switching was determined as the most
effective method to limitation of the electric arc energy. This method was applied to perform
researches on the limitation of the electric arc erosion in the tested circuit. Researches on
electric  arc  erosion  were being performed by many  researchers
[24, 25, 28, 71, 84, 89, 94, 99, 102, 106, 107, 117, 135, 141, 150, 151]. The scope of above-
mentioned researches covers a creation of the electric erosion under various conditions — for
various values of the interrupting current at various voltages, for various types of the contact
systems, for various contact materials, for various number of performed switching operations.
In order to evaluate the electric arc erosion, the researchers used the camera, the optical
microscope, the SEM method (Scanning Electron Microscope) coupled with EDS (Energy
Dispersion Spectroscopy), as well as, measurements of resistance changes and weight changes
in function of performed switching operations.

Motivation for the Thesis Research

The purpose of conducting investigations presented in the following thesis is based on several
reasons. As mentioned above, electrical switches are applied in electric circuits being used in
each branch of an industry and in residential installations. The limitation of the electric arc
erosion leads to maintain the surface of electrical contacts in good conditions for longer time,
which as a consequence causes an increase of lifespan of entire switch. For this reason, the
limitation of the electric energy and the electric arc erosion is an important issue to provide a
high reliability of electricity transmission in electrical power systems.

Although many researches were focused in the past on many aspects related to the limitation
of the electric arc and the limitation of the electric arc erosion (as shown in the section 2.2),
there is no work comprising a comparison of the effectiveness of considered inhere methods
in defined benchmark electric circuit with inductive load at LV with continuous currents.

Interruption of inductive current was selected for researches performed in the frame of this
thesis for two main reasons. Firstly, inductive circuits can be found practically in every
electric device, both in solutions dedicated to a domestic usage (such as: household
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appliances, electro-tools, heating equipment, lightning devices, intelligent home systems,
etc.), as well as, in the heavy industry applications (such as: electric motors, arc furnaces,
power electronic inverters, power transformers, special industrial equipment, etc.). Secondly,
interruption of inductive circuits is especially difficult, which is presented in details in section
3.1. For these reasons, the considered inhere methods can be applied to protect the contacts
of the operated switches that can be applied in many industries, which simultaneously can
have an influence on increasing a reliability of many electrical circuits.

On the other hand, the scope of this thesis allows to give answer for the question, how the
application of cheap solutions based on the passive components that are being commonly used
in many electrical circuit to protect the contacts of switches compares to more sophisticated
approaches, such as a hybrid switching or performing time-controlled contact separation of
the operated switch. Presented measurement results show how the parameters of the tested
circuit can influence on voltage-current characteristics of the electric arc, and as a
consequence on effectiveness of the passive components connected in parallel to the operated
switch applied for limiting the electric arc. For this reason, an application of passive
components that are being used to protect the electric contacts against effects of the electric
arc should not be performed without analysis of the effectiveness of the considered method,
which was proved in this work.

Researches that were performed on hybrid switching seems to be especially important mainly
for three reasons. Firstly, this method allows to reduce significantly the electric arc energy, as
well as, the electric arc erosion (almost in total independently on parameters of the electric
circuit), which causes a significant increase in the lifespan of the switches. Secondly, the huge
progress that was made in recent years in development of power electronic components
indicates the direction for researches on application of power electronic components in
connection with mechanical switches. This combination allows to connect advantages of
mechanical switches with semiconductor components to develop improved switching devices.
Thirdly, an external semiconductor branch can be integrated inside of the switch (without
arcing chamber), which may make a design of a switch with smaller dimension and with
higher current and voltage ratings possible.

Moreover, the measurement results obtained in frame of this thesis can be a motivation to
start the work on the redesigning of the analyzed mechanical switch. Proposed modifications
of the switch could be related among others to minimalize the switch dimensions, as well as,
to redesign the shape of and dimensions of the contact system.

A part of measurement results that are presented in this thesis dissertation were published in
articles [97, 98]. The author was also involved in researches on switching plasma physics in
Medium Voltage circuits [122, 123], and modeling switching transients [33, 34, 95, 96, 126].

Thesis Contents and Structure

Based on the motivation presented in the section 2.3, and on the performed measurements,
the following thesis for this work was prepared:

Limitation of electric arc and electric arc erosion in electric switches is possible by
application of external systems to current commutation, as well as, through application of
system for controlled-time current interruption. The aim of this research paper is to present
gualitative and quantitative influence of various methods for limitation of electric arc burning
between contacts of LV electric relay during current interruption process.

Thesis in Polish: Mozliwe jest ograniczenie fuku elektrycznego oraz erozji fukowej w
fgcznikach elektrycznych poprzez zastosowanie zewnetrznych ukfadow stuzgcych do
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komutacji prgdowej oraz do synchronicznego wylgczania prgdu. Istotg pracy jest
przedstawienie ilosciowego i jakosciowego wplywu stosowania réznych metod
ograniczajgcych Zuk elektryczny w przerwie miedzystykowej Zgcznika, podczas operacii
przerywania prgdu.

Chapter 3 starts with a description of the electric arc ignition between pair of contacts. Arcing
phenomena, ionization and deionization processes are explained, a typical arc channel with
its typical potential distribution is presented, and limit values of arcing voltages and
interrupting current that are necessary to initiate an ignition of the electric arc are presented.
Static and dynamic voltage-current characteristics of the electric arc are discussed based on
measurement results performed by other researchers. The conditions necessary to quench the
electric arc were also presented in this chapter.

The considered methods to limit the electric arc energy are presented in Chapter 4. The
influence of a design of the switch (the contact system, the contact material, the arcing
chambers) on its capability of quenching arc is discussed in this chapter. Time-controlled
separation of the electric contacts to limit the electric arc energy are presented in this chapter
as one of the method for limiting the electric arc energy in AC circuits. Another presented
method used to limit the electric arc energy is a connection of a passive branch (that are not
required external supply) in parallel into the operated switch. Finally, the principle of
operation of the hybrid switching dedicated for limiting the electric arc energy is explained.

Chapter 5 describes electric arc erosion of LV switch contacts. The process of the formation
of arc erosion is presented and discussed. The influence of the contact material on a creation
of the arc erosion is presented based on measured examples. The criteria for an evaluation of
the arc erosion are presented — the observation of the contact surface that was performed by
the optical microscope, the application of the SEM method coupled with EDS, as well as, the
measurements of resistance changes and the weight changes as a function of performed
switching operations.

Chapter 6 presents overall research plan, and the detailed description of the laboratory stand
used to perform the researches. The description of implementation of considered methods
(time-controlled contact separation, connection of the passive components in parallel to the
operated switch, hybrid switching sequence), as well as, the description of the selection of the
components chosen to perform the researches are presented. Measurement equipment applied
to perform the experiments (the high speed camera, roughness tester, device used to EDS and
SEM measurements) is characterized briefly. Also, technical data of switches used to perform
investigation, as well as, the detailed description of microcontroller system developed to
control entire laboratory stand are presented.

Measurement results for the limitation of the electric arc performed in the tested circuit
supplied by the 12 V voltage source are presented in chapter 7. Waveforms of interrupted
current is, voltage measured across the operated switch us, electric arc power pa, as well as,
the electric arc energy ea were presented for time-controlled contact separation of the operated
switch at four times of the current period: just before the natural current zero-crossing, at 35°,
90°, and 145° of the current period. In the next part of the chapter, the measurement results
are presented for the situation, when the passive branches (RC snubber, Voltage-Dependent
Resistor, Transient Voltage Suppressor, Zener Voltage Limiter) were connected to the
operated switch. In this case, also waveforms of the electric power dissipated at external
branches ps were presented together with waveforms of the energy absorbed eg by the external
branches. In the last part of the chapter, measurement results were presented for case, when
the current was interrupted by the application of the hybrid switching.
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Chapter 8 presents measurement results for the limitation of the electric arc performed in the
tested circuit that was supplied by the 230 V voltage source. The scope of the presented
measurement results coincides with the content of chapter 7.

The analysis of the effects of the limitation of the electric arc was presented in chapter 9. The
measurement results presented in chapters 7-8 are discussed inhere. The voltage-current
characteristics of the electric arc are presented for measurement results performed in the tested
circuit supplied both by the 12V and 230V voltage source. The voltage-current
characteristics of the electric arc are presented for all considered methods limiting the electric
arc energy: the time-controlled contact separation, the connection of the passive components
in parallel to the operated switch, as well as, for the applied hybrid switching. The voltage-
current characteristics of the electric arc show the influence of considered methods on the
arcing voltage.

Chapter 10 presents the frames that were obtained for registration of a creation of the electric
arc that was performed by the high speed camera. The contact system of the tested switch was
observed for two cases — when the current was interrupted by the standalone switch, as well
as, when the current was interrupted during the hybrid switching. This approach allowed to
indicate the significant differences in a formation of the electric arc between both considered
situations.

The evolution of the electric arc erosion of the electrical contacts is presented in chapter 11.
The observations of the contact surfaces of the electrical contacts taken from the tested
switches (each switch after 50 000 current interruptions) that were performed by means of the
camera and the optical microscope are presented in this chapter. Additionally, measurement
results from researches that were performed for all analyzed contacts by means of the
roughness tester and the SEM coupled with EDS method are presented in this chapter.

Chapter 12 covers the analysis of the limitation of the electric arc erosion performed in frame
of this thesis. For this purpose, measurement results obtained from the roughness
measurement, as well as, SEM coupled with EDS measurement were discussed.

Chapter 13 contains discussion and conclusions from all performed researches. The
differences in measurement results performed in tested circuit supplied by the 12 V and 230 V
voltage source are discussed. Effectiveness for limiting the electric arc energy for considered
methods are analyzed. Measurement results performed for the limiting electric arc erosion are
also discussed. Entire work content was summarized with respect to thesis. Finally, further
activities were proposed.

18



3

3.1

Electric Arc as the Conductive Substance

The electric arc is a plasma channel between contacts of the switch that is formed after a gas
discharge in the extinguishing medium. During the opening process of the electrical contacts,
the magnetic energy stored in the inductances of the electrical circuit forces the flowing
current through the quenching medium between electrical contacts of the operated switch.
Just before the contact separation, contacts of the switch are connected at a very small surface
area, and resulting high current density makes the contact material melt. The melting contact
material practically explodes which leads to a gas discharge between electrical contacts as a
form of the electric arc, which also causes a rapid increase of the pressure and the temperature
in the area around the electrical contacts. The current is able to flow in the interrupting circuit,
until the electric arc is quenched. Thus, the electric arc is a complex phenomenon, and
processes taking place during the current interruption can be characterized in the electrical,
magnetic, mechanical and thermal fields.

Despite of a destructive impact of the electric arc on contact surfaces, presence of the electric
arc has also a positive influence on transient states in interrupting electrical circuit. Immediate
current interruption with high current steepness di/dt could generate significant overvoltages
in interrupted circuit, because of lack of possibility for discharging energy stored in inductive
components of circuit. Thus, presence of the electric arc during the current interruption leads
to limit Transient Recovery Voltage (TRV). For this reason, there is a need to develop
controlled current interruption process with limited arc erosion of electric contacts and limited
effect of Transient Recovery Voltage.

This chapter describes the mechanisms leading to the appearance of the electric arc and the
processes originated in the switch during the opening process of the electrical contacts, when
the current is still able to flow through the circuit. Furthermore, the structure of the electrical
arc and its properties were characterized inhere together with factors influencing on the
maintenance and the arc extinction.

Electric Arc Ignition

Plasma is a different material state of aggregation than solid, liquid and gas. Matter changes
its state from a solid into a liquid form, while molecular kinetic energy exceeds the
combination energy. Similarly, matter changes its state from a liquid state into a gaseous state
in the situation, when the VVan der Waals forces are overcome, and more energy can be added
by an increase in temperature [83].

The most crucial factor leading to the electric arc ignition in the gas environment is the gas
ionization. This phenomenon is forced by external factors, such as: voltage between contacts
of operated switch or a rapid increase of temperature. Basically, the following phenomena can
be observed during the electric arc ignition: an impact ionization, a thermal ionization, thermal
emission from cathode, and the photoionization. In contrast to the ionization, there is the
deionization, which is a counteractive phenomenon to ionization (gas returns to normal state).

The impact ionization (called also as the ionization by collision) is related to the electric field
intensity. Free electrons, which are placed in the electric field move in the opposite direction
to the electric field vector. The velocity of the movement of electrons depends on the value
of the electric field. Electrons are able to obtain the energy that is required to ionize the particle
during collision at the specific value of the electric field.
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The thermal emission from cathode is related to phenomena which occur during the separation
of contacts. The number of contact points between two electric contacts increases with the
contact pressure (detailed description of this phenomenon is presented in the section 4.1.3).
As soon as contacts start to separate, there is a decrease in the contact pressure. This leads to
an increase in the electric resistance of the contacts. Due to the large current density,
significant amount of the heat is dissipated in some contact points and that causes entire
surface of contacts to heat. Then, the thermal energy is transferred to metal crystals and atoms
which lose their valence electrons in favor of the entire crystal. Since these electrons lose the
connection with atoms of the crystal, therefore they move freely in entire volume of the
crystal. As a result, their behavior is resembling the movement of gas particles inside of the
closed vessel (an inert thermal motion) [68].

As it was mentioned above, the ionization can be also achieved by the influence of light waves
with specific wavelength (photoionization). Nevertheless, existing sources of ultraviolet rays
emit waves with such wavelengths at which the ionization is difficult to attain [68].

The thermal emission can be observed either when a neutral particle of the gas hits another
neutral particle, or when an electron hits in a neutral particle. When the gas is placed in a
closed vessel the walls of that vessel are hit by moving particles. As a result, a pressure is
created that acts on the walls of the vessel. The average length of free paths, the number of
collisions at the time unit can be estimated by means of statistical methods [68]. These
magnitudes are strongly related to the gas temperature and gas pressure. Thus, the velocity of
thermal movements of particles, as well as, the kinetic energy of particles increase together
with temperature rise. The energy of particles can be so high that collisions of particles
become inelastic, which leads to excitation or ionization. A further rise of temperature
provides the particular electrons with so much energy, whereby they are able to dissociate and
take a form of separate atoms. In situation, when the energy is increased even further, orbital
electrons of the atoms dissociate into free moving electrons, which causes positive ions to
remain. This is called the plasma state. Due to presence of the free electrons in plasma channel
and the heavier positive ions in the high-temperature, the plasma channel is highly conductive,
whereby the current can continue to flow after the contact separation.

As an example, nitrogen (the main component of air) is dissociated into separate atoms
(N2 — 2N) at about 5000 K and ionizes (N—N"+e) above 8000 K. Likewise, SFs dissociates
at temperature about 1800 K, and its ionization takes place between 5000 K and 6000 K and
as result, its conductivity rapidly increases for higher temperatures. The degree of dissociation
and ionization of the medium increases together with temperature, and hence number of
charge carriers and the conductivity of the electric arc also increases. This dependence is
presented in Figure 3.1 for various metal vapor and atomic gases.
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Figure 3.1. Degree of thermal ionization
for selected metal vapors and atomic gases [6, 83]
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Figure 3.1 shows the dependence between conducting state (f = 1) and an insulating state
(f = 0) of selected metal vapors and atomic gases, for different thermal ionization degrees. As
it can be also visible in Figure 3.1, the limitation of the kinetic energy of the moving particles
by cooling down with cold gas can be an effective method to change the arc channel from a
conducting to non-conducting state, due to steep slope of the function f(T). However, change
of the temperature cannot be immediate, so for this reason, a specified amount of time is
required before reaching thermal equilibrium after changing from the conducting state to the
non-conducting state. This conductivity time constant is dependent on the particle-velocity
distribution and the ion-electron recombination speed. Time necessary to achieve a local
molecule-atom velocity equilibrium is in the order of 10 ns, while the time required to reach
a local electron velocity equilibrium is in the order of 0.1 ns [83]. The time constants of
physical mechanisms being key for electro-ion recombination processes are in the order of
10-100 ns [83]. Thus, it can be noticed, that the time required to achieve ionization
equilibrium is distinctly shorter than the paces of change in the electrical phenomena from the
electrical circuit during current interruption period. Therefore, the electric arc can be
considered to be in a thermal-ionization equilibrium for electric switching transient
phenomena taking place in the electric power systems. Basically, in the area between
separated contacts, three regions of the plasma channel in the electric arc can be distinguished:
the cathode, the anode and the column in the middle. The arc channel with typical potential
distribution along an arc channel were presented in Figure 3.2. The areas localized nearly
contacts are transition regions between the gaseous conductor created by the electric arc
column having a variable conductivity and the solid conductor with mostly constant
conductivity.
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Figure 3.2. The arc channel can be divided into an arc column,
a cathode, and an anode region [6, 83]

The potential gradient is a complex function of the physical properties of the arcing medium,
the arc current, the pressure, the flow velocity, and the energy exchange between the plasma
channel. There are no space charges in the electric arc column, therefore, the current flow is
maintained only by electrons, and there is a balance between the electron charges and the
positive ion charges. In dependence on the surrounding medium and configuration of
guenching chamber, the temperature peak in the arc column can be in the range of 7 000-
25000 K [83].
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According to the previous description, the cathode emits the current-carrying electrons into
the arc column. In dependence on type of the cathode material, the emission of electrons starts
in different conditions. Two types of cathode materials can be distinguished for this process:
refractory materials (e. g. molybdenum, tungsten, carbon) and non-refractory material (e. g.
such as mercury or copper). Both types of material differ in value of boiling point (low boiling
point for refractory materials, and high boiling point for non-refractory materials). When the
cathode is made from a refractory material with a high boiling point, the emission of electrons
starts as soon as it is heated to temperature below the evaporation temperature (the thermal
ionization). In this case, current densities that could be obtained are in the order of
10 000 A/cm? [83]. The rate of change of Transient Recovery Voltages appearing across the
cathode and the anode after arc extinguish is relatively fast in comparison to the cooling down
of the heated cathode spot, so the current can be interrupted. Limit values of voltages and
current for various contact materials that are necessary to initiate an ignition of the electric
arc are listed in Table 3.1.

Table 3.1. Limit values of voltages and current required to initiate electric arc ignitions [88]

Contact | Limit voltage |Limit current
material [V] [mA]
Copper 12-13 400
Silver 12 400
Gold 15 300-400
Tungsten 15-16 800-1200
Nickel 14 400-500
Iron 13-15 300-500
Carbon 20 10-20
Platinum 17 700-1100
Palladium 15-16 800-900

As it was mentioned above, the emission of electrons can be also initiated at temperatures
lower than thermionic emission due to field emission (the ionization by collision). In this case,
the ionization is caused by electrons accelerated by an electric field, having much higher
velocities than from thermal stimulation. Electrons and ions emanate from individual spots
on the cathode surface, depending on the contact material of each cathode spot supplying 15-
150 A [83]. Due to very small dimensions of the cathode spot, cooling down of the heated
spot is almost immediate when the current reaches zero-crossing. The ionization by collision
has a dominant influence when the cathode is made from non-refractory material with a low
boiling point (applied mainly in vacuum breakers [121]).

If the distance between contacts is constant when sinusoidal voltage reaches zero-crossing,
voltage across contacts decreases, which leads to decrease the electric field. As a
consequence, this phenomenon lead to disappearance of the ionization by collision. Near zero-
crossing of current sinusoid, the electric arc quenches, and thermal ionization disappears. In
simplified case, when the current is in phase with voltage, the reasons of ionization disappear
at the time, when voltage and current are near zero-crossing. Just after the time, when the
current stops to flow in the circuit, partially ionized gas occurs between contacts (so called
post arc channel). The velocity of ions and electrons in post arc channel decreases, which
causes deionization period to occur. During this time, ions and electrons connect in neutral
electric atoms or gas particles, which cases dielectric strength of the post arc channel to
increase. Consequently, conductive gas till now, becomes dielectric in the final part of
deionization process. The current and voltage waveforms during the current interruption in
resistive circuit is presented in Figure 3.3.
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Figure 3.3. Considered resistive circuit (a), waveforms of voltage and current (b):
e — supply voltage [V], i — the arc current [A], = — time, when current does not flow in the
circuit [S], Uarc_ign — arc ignition voltage [V], Uarc_quen — voltage of quenching arc [V] [68]

In inductive circuits, conditions for quenching arc are definitely more difficult. This is due to
the most intensive ionization by collision at umax and thermal ionization at imin appear
alternately, which makes deionization difficult at the time, when current does not flow in
circuit.

Deionization takes place by recombination and diffusion. Recombination can be distinguished
as electron recombination and as ion recombination. The significant influence of gas
dissociation on deionization process can be observed at high temperature range. Particles of
gas move quickly in a disordered way, so their temperature and their motion velocity is
sufficient to decay of particles into atoms with simultaneous absorption of heat. Newly formed
atoms move into environment, where they are connected as particles, which generates
significant amount of heat, taken during dissociation. As a result, dissociation causes an
increase of the gas dielectric strength. The avalanche ionization starts at Uarc ign VOItage
(voltage of arc ignition).

During ionization, two types of anode role can be distinguished: passive and active. In passive
mode, anode is a collector for electrons leaving the arc column. In active mode, the anode
evaporates, and positive ions are supplied to the arc column when metal vapor is ionized in
the anode area. Active anode has significant importance for vacuum arc — when current has
high density, anode spots are formed and ions contribute to the plasma. For this reason, these
anode spots do not stop to emit ions when current exceeds zero-crossing, and it is an
undesirable effect. Heat capacity of anode spots is able to evaporate anode material even if
input power is zero, which can lead not to extinguish vacuum arc. With increasing Uarc_ign,
dielectric strength of arc channel increases.

Just after contact separation time, when the arc starts to ignite, evaporation of contact material
is the dominant source of charged particles. In vacuum, when the distance between contacts
increases, the evaporation of contact material also becomes the main source of charged
particles. The effect of evaporation of contact material is minimal for high-pressure arcs
(ignited in air, SFs or oil) during opening contacts, whereby the plasma is dependent mainly
on the quenching medium.

Voltage-Current Characteristics of the LV electric arc

The main electrical characteristic of the electric arc is a decreasing voltage-current
dependence, completely different from linear voltage-current characteristic of metallic
conductors. In contrast to V-1 characteristic being a straight cure, arcing voltage decreases
when the current increases up to a limit value. This dependence is related to an increase of
larger temperature with value of interrupted current, which causes to intensify the ionization.
Thereby, the gas conductivity increases, so as a consequence the electric arc voltage
decreases.
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Static characteristic of the electric arc is a voltage-current dependence for specific pressure
value at steady state (when the value of the current and the distance between electrodes are
constant). Exemplary measured static voltage-current characteristics of electric arc presented
as a function of arc length are shown in Figure 3.4.
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Figure 3.4. Set of static voltage-current characteristics
of electric arc for various arc length [141]

Based on performed researches presented in [18], it can be concluded that the greatest of
increases of arcing voltage can be observed for small currents and shorter arcing times. During
the current interruption of currents larger than 400 A, an influence of the current value on
arcing voltage is negligible, which can be also visible in Figure 3.4b. In defined inductive low
voltage circuit (lower than 250 V), arcing voltage deforms the current curve and accelerates
its descent to zero-crossing value, which also influences on magnitudes characterized by
current interruption process, such as: energy and power of the electric arc, electric charge
flowing through the electric arc, Joule-Integral, which significantly impacts on electric arc
erosion and durability of entire contact system [24]. For this reason, the object of this thesis
is focused on inductive small current interruption at low voltage.

During current interruption, the arcing voltage depends on different factors such as: a value
of the interrupted current, a length of the electric arc, a shape and dimension of contacts, a
contact material and a velocity of the contact separation. Figure 3.5 presents exemplary
dynamic characteristic of electric arc that were measured for a single half-wave current at
50 Hz frequency, for constant however different distances between contacts (AgW50, @
6 mm, and sinusoidal current peak 2.1 kA).
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Figure 3.5. Dynamic characteristics of the electric arc for distance between electrodes
(constant distance between electrodes) [24]
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Characteristics presented in Figure 3.5 describe voltage-current dependences of the electric
arc for defined constant distances between electrodes. However, in practice, during current
interruption process, separated contacts move, so the distance between operated contacts is
lengthened. This phenomenon cases the increase of electric arc resistance, so as a consequence
it strongly influences on voltage-current characteristic of the electric arc. Dynamic
characteristics of the electric arc that were measured during current interruption for different
contact materials are presented in Figure 3.6 [24].
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Figure 3.6. Dynamic characteristic of electric arc (distance between electrodes is
lengthened) for different contact materials [24]

Thus, arcing voltage depends among others on the value of interrupted current, the distance
between contacts, type of the contact material. This dependences can be visible in Figure 3.6.

3.3 Interruption of the Electric Arc in LV switches

This section presents conditions for gquenching the electric arc in DC and AC electrical
circuits.

3.3.1 DC Current Interruption

In order to analyze conditions for burning and quenching DC electric arc, a simplified circuit
diagram including an inductive load is presented in Figure 3.7.
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Figure 3.7. Equivalent circuit diagram: E — voltage source [V];
R — circuit resistance [Q]; L — circuit inductance [H];
S — operated switch; ua. — arcing voltage [V]; ia — arc current [A]

For circuit diagram illustrated in Figure 3.7, the following equation is fulfilled (according to
Kirchhoff's second law) [22]:

E=iXR+Lxﬂ+ua (3.1)
dt

Parameters of the electric arc in considered circuit (Figure 3.7) can be analyzed on the based
of voltage-current characteristic of electric arc u, = f(i), according to description presented in
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section 3.2 (see Figure 3.4). Thus, based on V-I characteristic of electric arc, the quotient of
voltage and current gives information about changes of arc resistance according to Ohm’s law
(3.2):

[=te (3.2)
i
Similarly, the product of arcing voltage and current arc describes the electric arc power,
according to formula (3.3):
p, =u,Xi (3.3)

Exemplary static characteristics of DC electric arc continuously burning in considered circuit
with characteristic of circuit (Figure 3.7) are shown in Figure 3.8.
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Figure 3.8. Static characteristic of the electric arc

Figure 3.8 is also graphical solution of equation (3.1). As it can be visible, static characteristic
of the electric arc has two common points (A and B) with characteristic of considered electric
circuit (E-iR line). These points determine area, where quenching stationary electric arc can
be stable (below E-iR line). Thus, in order to quench the electric arc in considered circuit,
both characteristics should not have common points. Basically, there are two methods to meet
this condition:

moving up the characteristic of the electric arc (respectively cures 1 and 2 in Figure
3.8). In practice, it can be realized by improving conditions for quenching electric arc
(such as: lengthening arc, cooling down arc, dividing arc into smaller sections, etc.),
moving down line E-iR being characterized for considered circuit. In practice, it could
be reached by connection of additional resistance into circuit. However, this method
is difficult in practical implementation, so is not often applied.

Thus, in practice, in order to quench electric arc in considered circuit, moving up the electric
arc characteristic is the most often applied action due to simplicity of the method. Lengthening
electric arc can be realized by contact separation for suitable distance, suitable design of
contact system or the exhaust of the electric arc. However, with increasing length of the
electric arc, arcing voltage also increases, which can be observed in Figure 3.8. This
phenomena can be a source of significant switching overvoltages generated during current
interruption process in DC circuits. For this reason, it is very important to provide suitable
level of overvoltage protection in considered circuit against switching overvoltages.

3.3.2 AC Current Interruption

Quenching electric arc in AC circuits is simplified issue in comparison to DC circuits, due to
presence of natural current zero-crossing that occurs twice per each current period. This effect
is used to interrupt current without reignition of the arc after current zero-crossing. The
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general essence for quenching AC electric arc can be formulated in the following way:
channel of the electric arc should be intensively cooled down before current zero-crossing,
and when value of the current reaches zero-crossing, conditions for effective deionization
process of post arc channel should be fulfilled to obtain fast enough increasing dielectric
strength of the Transient Recovery Voltage [87, 88]. Cooling down the electric arc has
relevant influence on voltage-current characteristics of the electric arc. VVoltage waveforms
and current waveforms for different ways of cooling down the electric arc are presented in
Figure 3.9.
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Figure 3.9. Waveforms of arcing voltage and interrupting current: a) cooling down surface
of electric arc, b) cooling down internal channel of electric arc, c) uncooled electric arc
[68]

Thus, in order to quench the electric arc in AC circuits, contacts of the operated switch should
be separated at sufficient distance with large velocity (due to TRV breakdown strength and
gas ionization processes). Whereby, the electric arc can be quenched at next natural current
zero-crossing.

During quenching LV electric arc in AC circuits, the influence of the arcing voltage can
deform the current curve, which is presented in Figure 3.10.
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Figure 3.10. A distortion of sinusoidal current during current interruption caused by the
influence of the electric arc: ts; — time of contact separation (long arcing time);
tis —zero-crossing time distorted current (long arcing time); ts, — time of contact separation
(short arcing time); ti; —zero-crossing time distorted current (short arcing time) [18]

Deformation of current curve impacts on magnitudes characterized by interruption process
such as: power of electric arc, energy of electric arc, electric charge flowing through arc, Joule
integral. These magnitudes have a direct influence on level of arc erosion of contact system
and switching durability of analyzed switch. Deformation of current curve can be especially
observed in inductive circuits with voltage source lower than 250 V [24].
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3.4

Electric arc energy can be calculated as definite integral according to equation (3.4):

\ ty .
E = Oto(uana)dt (3.4)
where: u, — electric arcing voltage [V]; ia — arc current [A], to — time, when electric arc starts
to burn [s], t1 — time, when electric arc is quenched [s].

Exemplary voltage-current characteristics of AC electric arc were presented in Figure 3.5
Figure 3.6.

Separation of electric contact causes to occur voltage between contacts so called Transient
Recovery Voltage (TRV) to occur. This voltage stresses contact gap and has significant
influence on effectiveness of quenching arc. As it was mentioned in section 3.1, two contrary
processes take place in the post arc channel:

deionization with increase of electrical resistance of post arc channel,
ionization caused by increasing TRV between electrical contacts, that can cause
increase of gas ionization which as a consequence can lead to generate arc ignition.

Thus, both processes interact with each other in opposition during current interruption
process. Effective quenching electric arc (without re-strikes) depends on dominance of
deionization over ionization process. Methods for improvement of quenching electric arc
process are presented in chapter 4.

Mathematical models of the electric arc

According to the description presented in this chapter, physical phenomena occurring upon
current interruption are very complex that depends on many factors. For this reason, it is still
a challenge to use appropriate mathematical arc models that will be able to reflect switching
conditions in electrical circuits. The used model should represent non-linear behavior of the
electric arc, as well as, the interaction between the switching process and the system
components. Moreover, since very small time constants are involved, a correct numerical
treatment of the arc-circuit problem is an important aspect as well. Various interrupting
mediums with different dielectric strength characteristics are applied in switches depending
on particular design, application, price, etc. The dielectric strength determines the maximum
electric stress that the dielectric can withstand without breakdown. It is a multi-variable
function of the switching process and design of the particular switchgear component.

The general models of the electric arc represent the electric arc behavior in gases, such as
Mayr [90] and Cassie [29], are often used in a modified form to reflect the arc voltage
condition obtained in the measurement (e.g. the modified Mayr-Cassie equation
[7, 13, 57, 108, 114]). The switching process can be measured in synthetic circuit, which
allows to reproduce the realistic Transient Recovery Voltage (TRV), arc voltage and post-arc
current conditions. The approach proposed by Mayr [90] is well suited for vicinity of current
zero crossing. Not only the parameters, but the model itself can be modified according to the
measured curves of the arc voltage and post-arc current. The example of the modified Mayr
and Cassie equations is the Schwarz-Avdonin model [116].

Mathematical modeling of the electric arc is beyond the scope of this thesis dissertation, so
for this reason, more details are not presented in this section. However, Cassie-Mayr model
was used to select the parameters of the arc suppressors, which is descripted in the chapter 6.

The author also was being performed the researches on switching transient states with usage
the above-mentioned models [33, 34, 95, 96].
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4

4.1

Methods for Quenching the Electric Arc and
Limiting the Electric Arc Erosion

Basically, the mechanical switch is the electric device that realizes function of conducting
current, and switching current (such as: making and interrupting current). In this chapter,
methods that are being applied to quenching the electric arc in LV switches are presented. In
general, parameters of quenching the electric arc can be improved by increasing the steepness
rise of the dielectric strength in the post arc channel. This issue is being taken into
consideration during the design of electrical apparatus. In fact, increasing the steepness rise
of the dielectric strength in the post arc channel can be realized by [88]:

decreasing electric field intensity between contacts through contact movement as
quickly as possible,

intensive cooling down the electric arc and the post arc channel,

increasing gas pressure in environment of the electric arc (thereby free path of
electrons decreases, which causes gradient of the arcing voltage to increase),
removing ionized particles of post arc column mechanically and their replacement by
cold gas particles with greater dielectric strength which as consequence leads to
increase the thermal time constant of the arc channel,

lengthening the electric arc through pushing into arcing chamber (e. g. with perforated
plates), which can help to divide long electric arc into a few shorter electric arc,
application of special contact materials with low electron emission coefficient.

Thus, increasing steepness rise of dielectric strength in the post arc channel is an issue related
to physics of electric arc phenomena and the design of the considered switch. However, there
are also other methods to limit the arcing time that lead as a consequence to reduce the electric
arc energy. These methods are focused on external circuits that could cooperate with operated
switch, such as:

external circuits connected to operated switch (RC suppressor, passive semiconductor
branches, active systems with power electronic components),
external systems supporting and controlling drive of the operated switch.

In this chapter, the description of methods that are being applied to quenching the electric arc
in LV switches is presented. Application of presented methods inhere influences voltage-
current characteristics of electric arc, which impacts on the limitation of the electric arc
energy. The scope of this chapter is mainly related to issues connected with interruption of
AC currents.

Design of the Operated Switch

In general, the effectiveness of quenching the electric arc in the LV switch is dependent on
features of the design of the switch, such as: the type of applied insulation medium, parameters
of the contact systems, the type of the contact material, as well as, the type of the quenching
chamber. In this section, the key features of the switch design that strongly influence on the
effectiveness of quenching the electric arc are presented and characterized. However, the
switch design is strongly related to the intended use of the switch. Basically, LV switches can
be divided into the following main groups due to their types of constructions [48]:
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10.

Contactor
A contactor is a relay with higher current ratings (contractors are designed even for
the range of several hundred of Amperes). Contactors are widely applied in many
branches of industry to switch circuits consisting of heavy equipment such as: pumps,
cranes, etc.

Time delay relay

Time delay relay is a type of relay that enables one to perform switching operation
with defined time delay. Design of time delay relay can be based on mechanical
solution and electronic components.

Solid-state relay (SSR)

Design of a solid state relay is based only on electronic components (mainly
thyristors, transistor and TRIAC). Lack of moveable component increases reliability
of the entire switch. Functionality of the solid state relay is similar to the mechanical
contactor, however galvanic insulation between terminals of the relays is not provided
in semiconductor solutions (only galvanic separation between control and power
circuits can be implemented).

Latching relay

A latching relay enables contact position of the relay to be kept in a defined position
without power supplied to the coil of the relay. Coil of the latching relay consumes
power only for a short time when the relay is being switched, which is an
unquestionable advantage in comparison to other constructions.

Reed relay

Contacts of reed relay are enclosed in glass tube, which can be evacuated or gas-
filled. The contacts of the reed relay are designed of magnetic material. For this
reason, they can be closed and open by external magnetic force. Source of the
magnetic force can be a solenoid (integral part of the reed relay) or external magnet.

Polarized relay

A polarized relay is featured by an increase sensitivity. Design of the polarized relay
is based on the armature that is placed between poles of a permanent magnet.
Currently, this type of relay is rarely used.

Coaxial relay

Type of a coaxial relay is used most often in radio transmitters and receivers. Coaxial
relays are usually designed at high voltage range to provide high electric isolation
between receiver and transmitter terminals.

Buchholz relay

Buchholz relay is applied in protect circuits of power transformers. Contact system
of the Buchholz relay is sensitive to an increase of gas that is produced rapidly in the
transformer oil, when current flowing through windings of transformer is higher than
expected.

Overload protection relay

Overload protection relays are applied in electrical circuits to protect devices that are
installed in the system against effects of short-circuit currents. Design of overload
protection relay is based on heating bimetallic strip that acts on a spring of the relay
resulting in operate auxiliary contacts of relays.

Vacuum relays
Functionality of vacuum relays is similar to conventional contactors, however
vacuum chambers are applied in design of vacuum relays. For this reason, voltage
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and current ratings of vacuum relays can be increased with comparable dimensions
in comparison to conventional contactors.

11. Safety relays
Safe relays are being designed for realization of safety functions. For this reason, their
construction should be featured by increased reliability in comparison to conventional
relays.

12. Mercury-wetted relay
Construction of mercury-wetted relay is similar to the reed relay. However, in this
case, contacts of the relays are wetted in mercury. Application of mercury inside of a
glass tube allows to reduce the contact resistance and contact bouncing. For this
reason, mercury-wetted relays are applied mainly to switch low-voltage signals. Due
to ecological aspects, usage of mercury-wetted relay is being limited.

13. Mercury relay
In the mercury relay, mercury is applied as the switching component. Relays of this
type are used mainly in applications, when contact erosion could be problematic.
Similar to mercury-wetted relays, usage of mercury relay is being limited due to
toxicity of mercury and ecological aspects.

Listed-above types of switches are being designed to switch AC and DC currents at various
voltage and current ratings. Various types of quenching mediums, contact systems, quenching
chambers and materials are being applied to develop the switches.

For contactors and starters, the utilization categories as given in Table 4.1 are considered
standard [56]. Any other type of utilization shall be based on agreement between manufacturer
and user, but information given in the manufacturer's catalogue or tender may constitute such
an agreement.

Table 4.1. AC Utilization categories according to IEC standard [56]

Nire OI Utj[Iizati_on A::i?étglgp; | Typical applications
curren categories designation

AC-1 Non-inductive or slightly inductive loads,
resistance furnaces

AC-2 General use | Slip-ring motors: starting, switching off

AC-3 Squirrel-cage motors: starting, switching
off motors during running

AC-4 Squirrel-cage motors: starting, plugging,
inching

AC-5a Switching of electric discharge lamp
controls

AC-5b Switching of incandescent lamps

AC AC-6a Switching of transformers
AC-6b Switching of capacitor banks
AC-7a Ballast Slightly inductive loads in household
Incandescent | appliances and similar applications

AC-7b Motor-loads for household applications

AC-8a Hermetic refrigerant compressor motor
control with manual resetting of overload
releases

AC-8b Hermetic refrigerant compressor motor
control with automatic resetting of
overload releases
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Technical requirements (such as: making and breaking capacities or conventional operational
performance) are specified for all utilization categories in the International Standard [56].

4.1.1 Types of quenching mediums applied in mechanical switches

The most commonly used quenching medium of LV switches is air. Other quenching
mediums, like mercury, vacuum or SFe are being applied in constructions dedicated to special
purposes (e.g. when the switch has to meet its parameters under difficult environmental
conditions). Application of air in LV switches as the quenching medium is commonly used
due to technical issues (electrical parameters of air are effective enough for interrupting
currents at LV, the design of the switch can be simplified in comparison to other quenching
mediums), as well as, due to the economical issues (application of air is significantly cheapest
in comparison to other quenching mediums). In general, the following types of quenching
systems are being applied in constructions of electrical apparatus [88]:

1. Quenching systems with solid materials:

- gassing materials (such as: organic glass, fiber, polyamide plastic) that are
being applied in gas-blast and magnetic-blast switch-disconnectors, and high
voltage surge arresters,
non-gassing ceramic materials that are being applied in magnetic-blast
switch-disconnectors and circuit breakers rated at low and high voltages,
low-gassing materials (e. g.: special boron-lead glass that is being applied in
active spark gaps).

2. Quenching systems with liquid materials:
- oil,
water.
3. Gas quenching systems:
Air
SFe
- CO;
4. Vacuum quenching systems.

Quenching systems with solid materials are being designed as close constructions (e.g. in
fuses) and open constructions (e. g. in gas-blast and magnetic-blast switch-disconnectors). In
construction with applied gassing solid materials, special shapes of channels are designed for
gases that are generated during quenching the electric arc. The power is effectively removed
from the electric arc in time, when the current still flows in the circuit, and when the electric
arc quenches, the heated and partially ionized gases can be blown out. In construction with
applied non-gassing ceramic materials, a direct contact of the electric arc channel with the
ceramic surface has the key influence. The heat from the electric arc is removed through the
conductivity, and some of its amounts is also dissipated for melting the ceramic material,
which can be especially observed in elements of fuses [88].

Quenching systems with oil are currently not being developed mainly due to the harmful
impact on the environment. Constructions containing water were not effective enough in
industrial applications. Oil was applied mainly in MV and HV circuit breakers as the
guenching medium, due to its good quenching parameters and insulation properties. Burning
the electric arc in oil causes an evaporation and degassing of some its amount, which as a
result causes a gas bubble to create around the electric arc channel in the oil that consists of
70-80% of hydrogen, acetylene and methane. Temperature of gases in the bubble reaches a
few thousands degrees. In this temperature, hydrogen is featured by very good thermal
conductivity, which helps to transfer the heat from external layers of the electric arc channel.
Additionally, at higher values of the electric arc current, the electric arc power rapidly
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decreases nearly the current zero-crossing, which as a consequence leads to reduce the energy
that is transferred into the gas bubble. The pressure inside of the bubble decreases, which
causes the evaporation of external layer of the gas bubble to intensify. VVaporous particles take
drops of the liquid and introduce it into the electric arc channel with significant velocity,
which causes heat to remove intensely. This effect called "expansive” increases with the
temperature and the velocity of changes of the pressure near the current zero-crossing.

Gas quenching systems of electrical apparatus are designed mainly with air and SF¢ that can
be compressed under high pressure. The higher pressure can be achieved through application
of the system to compress the gas (pneumatic and self-compressed), as well as, the pressure
of the gas can be increased through the thermal influence of the electric arc. Together with
increasing the gas pressure, its dielectric withstand increases (Figure 4.1), while the diameter
and the time constants of the electric arc channel decreases. Pneumatic systems are being
applied mainly in HV and generator circuit breakers due to their high effectiveness, while
self-compressed systems are applied in MV switch-disconnectors. Nitrogen, main component
of air is characterized by relative high dissociation energy 9.78 eV [88]. The greater intensity
of changes of dissociation and the greater thermal conductive of this gas can be achieved in
relative high temperature, about 7500 K. Decreasing the current of the electric arc up to zero
causes the temperature of the electric arc channel to decrease below 7500 K. Together with
this, electrical conductivity of the plasma decreases, and as a consequence the plasma
disappears below 3000 K [88]. For purpose of quenching the electric arc, it is desirable to
keep the greater thermal conductivities of the plasma in the temperature range about 3000 K,
which takes place in case of SFe. In SFg, atoms of fluorine are connected with atom of sulfur
through the dissociation energy that is about 22.4 eV [88]. In order to dissociate entire
particles of SFe, six collisions are required, which transfers amplitudes of thermal
conductivity of the plasma up to temperature close to 3000 K in this environment. On the
other hand, small ionization energy of sulfur causes sufficiently high electrical conductivity
of the plasma in SFs from 2000 K, which provides relatively smaller values of the arcing
voltage gradient, as well as, the power and the energy of the electric arc. Because of the fact
that in temperature above 3000 K thermal conductivity of SFe is relatively small,
transformation of energy is relatively low during quenching the electric arc in SFe. For this
reason, chopping current phenomenon is practically excluded, and that is an additional
advantage in comparison to oil, air and vacuum quenching systems. Outstanding dielectric
and quenching properties of SFe are caused by its capability for binding of free electrons in
heavy negative ions (so-called electronegativity of gas). After dissociating particles of SFs,
separated atoms of fluorine can create heavy negative ions with electrons (F + e — F°). This
mechanism provides about 2.5 times increase of dielectric withstand of SFs in comparison to
air at this same environment conditions.
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Figure 4.1. Breakdown voltage of various quenching mediums in function of distance
between electrodes [3]

33



As shown in Figure 4.1, breakdown voltage of different quenching mediums (gases, vacuum
and oil) in function of distance between electrodes is presented. Although oil was used in the
past in power switches as quenching medium, and researches on insulation properties of oil
were being performed widely [40, 41], application of oil in switches is being withdrawn due
to ecological aspects and increased probability of explosion in comparison to other quenching
mediums.

Although SF¢ gas has great properties for quenching the electric arc, it has been recognized
as one of the potent greenhouse gases and was indicated to limit the emissions at COP3 at
Kyoto in 1997 [134]. In the future, it seems to be necessary to reduce the consumption of SFs,
because its atmospheric life time is observed to be fairly long. Therefore, the amount of SFe
on the earth will increase, unless amount of SFe will be limited. For this reason, many
researches are being conducted to analyze possibilities of replacing SFs by CO,. The
guenching mediums that are applied in the electric power equipment as environmentally-
benign should meet the following requirements: to have no or minimal toxicity, global
warming effect, ozone depletion effect and should remain in gaseous form at low temperatures
(e.g below -30°C). Thus, among all gases only some ones could be applied in electrical
devices due to above-mentioned assumptions: air, N, O, Hz, CO>, rare gases (He, Ar, etc.)
and their mixtures. In practical implementation, adequate insulation and arc-quenching
capability, chemical stability, being non-flammable and non-explosive are also required for
the applied gas. For this reason, to find potential gas for replacement of SFs, only air, N, and
CO; could be taken into consideration. A comparison of basic gas properties of SFs, CO,, and
N is collected in Table 4.2.

Table 4.2. Comparison of basic gas properties of SFs, CO2, and N, [134]

Gas Unit SFe CO; N>
Molecular mass [-] 146.06 | 44.01 | 28.01
Density [kg/m®] | 5.9 1.8 1.1
Global Warming Potential,
Integrated period 100 years [-] 23900 1 ~0
(IPCC, 1995)
Chemical stability [-] Stable | Stable | Stable
Boiling temperature* [°C] -51 -78 -198
Dielectric strength** [%] 100(-) | 34(-) | 25(%)
Arcing time constant*** [us] 0.8 15 220

*—At1atm

** — 50% breakdown voltage measured by a ful scale coaxial cylindrical electrode,
Lightning Impulse at 0.9 MPa (the weak polarity vale is shown)

*** _ Measured for a free-burning arc at 1 mm

As shown in Table 4.2, CO, meets the basic requirements in electrical devices and is
environmentally-benign. Moreover, CO, is characterized by lower boiling temperature than
SFe. The insulation capability of CO; is lower than for SFe, however, higher than for N2. Arc-
quenching capability is evaluated by arcing time constant as an index for the thermally
interrupting capability of a gas. Smaller arcing time constant time suggests better thermal
interrupting capability. As shown in Table 4.2, the arcing time constant of CO; is higher than
for SF¢, but below one tenth of that of N».

Thus, it can be concluded that CO; is characterized by inferior parameters than SFs in
insulation and arc-quenching capabilities, however it surpasses N2 gas. This can suggest that
CO:. is a promising alternative for SFe, especially for switching apparatuses such as Generator
Circuit Breakers.
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In vacuum quenching system, under-pressure is maintained 10°+107 Tr (max 10 Tr), where
1 Tr =~ 133.322 Pa. The dielectric strength for these values of under-pressure is presented in
Figure 4.1. In this range of the pressure, mean free path is a few meters, thus probability of
initialization and maintaining the electric discharge through collisional ionization is very low.
Under these conditions, electrons in the electric arc come from thermal emission and
ionization of metal vapors in the cathode zone. Electrons that come to the anode are
neutralized through positive ions that were created mainly in cathode zone and partially in the
anode zone. Unionized metal vapors and particles of the gas that were created from the
electrode surfaces settle on the outer shield of the vacuum chamber. Quenching the electric
arc provides very high velocity of the diffusion of ions and metal vapors. When the current
tends to its zero-crossing, pressure of metal vapors decreases. During intensive deionization,
the current is chopped before its natural current zero-crossing. This phenomenon is a
characteristic of vacuum switches and can lead to generate significant overvoltages in
inductive circuits. The chopping current can be limited in vacuum switches through the
application of special contact materials that are characterized by small thermal conductivity
and the high pressure of evaporation.

4.1.2 Design of Contact System

The contacts of relays can be divided due to their function into the following way: normally
closed contacts, normally open contacts, and change over contacts. Types of contacts in
mechanical relays are presented in Figure 4.2.

b)

Figure 4.2. Types of contacts in mechanical relays: a) normally closed contacts,
b) normally open contacts, ¢) change over contacts [62]

A contact system is the essential component of any relay. Usually it consists of several
elements that are presented in Figure 4.3.

Figure 4.3. Popular types of relay contact systems. 1,2, — current-conducting elements;
3,4 — contact straps; 5 — stop [48]

In Miniature Circuit Breakers (MCBs) a special design of the arc quenching chamber (arc
chutes) is being applied to increase the switching capability, which allows to divide the arc
into a few smaller arcs [78, 134].
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As shown in Figure 4.3, components that conduct the current are usually made of elastic
materials (as a rule, bronze, beryllium or phosphor bronze), which are able to obtain the
necessary contact pressure. Contact straps are designed by means of materials that are featured
by high electric conductivity and resistance to arc erosion (See section 4.1.3). Contact straps
are usually made in the form of rivets or pins, and they can be soldered, riveted, or welded on
by silver solder to current-conducting springs. Riveted attachment of contact straps are more
unreliable than welded attachment, due to the significant increase in transient resistance of a
rivet at the point of its joint to the contact spring, caused by heat cycling in course of its
maintenance. Contact straps are often bimetallic (two-layer) consist of the contact material
(an alloy based on silver) and a copper base [48].

In order to enhance the switching capability of the relay, the contact system can be made in
the form of a bridge as double-break contacts (Figure 4.4).

Moving contact

Cr“ S =

Stationary contact Stationary contacts

a) b)

Figure 4.4. Types of contact systems: a) single-break contacts,
b) double-break contacts,

As shown in Figure 4.4b, the bridge form of contacts provides better protection against contact
welding than single break design. Double-break contacts open the circuit in two places,
creating two air gaps. It is analogous to having two contacts in series.

In contrast to contacts fixed on long and flexible console springs, a bridge contact is quite
complex. A bridge contact requires additional elements to provide: for compensation of shock
during closing, for reliable compression of the movable contact into the stationary contact, as
well as, for installation of the bridge in case there are technological variations of sizes,
assembling inaccuracies and additional gaps emerging in the course of exploitation of the
relay. All of these requirements are in fact met in the simplest constructions by application of
a spring abutting from the central part of the bridge [48].

Optimal switching capabilities and easy assembly are features of cylindrical contact rivets
that are usually applied as bimetallic, solid or other versions, similarly to the contact parts of
miniature relays. The contacts are connected between the flat surface of the fixed contact and
the spherical surface of the movable contact (the common contact). Mostly, fixed are
bimetallic, and the common contact is a solid one, which is presented in Figure 4.5 [109].

Copper
Bimetallic
contact

a) b)
Figure 4.5. Shapes of contact rivets: a) bimetallic contact, b) solid contact [109]
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The main part of the central solid contact is produced as a defined form on the one side, and
on the other side it is shaped during assembly. The flat-spherical connection between the
surfaces of contacts is designed for the limitation of the area of connection and provides an
increase of the contact pressure. Moreover, this solution provides the relative surface
movement (roll), which helps to achieve enhanced contact performance (Figure 4.6) [109].

S —

S S
Initial state Final state

a) b)
Figure 4.6. Contact movement [109]

Relay contacts can have different forms. The most widespread contacts are of a flat, conical,
and semicircular form (Figure 4.7) and can be applied in the same contacting pair in different
combinations.
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Figure 4.7. Forms of contacts of relays [48]

In order to limit arc erosion and to enhance switching capability of the contacts, the opening
and closing velocity of the contacting pairs should be increased as much as possible. On the
other hand, high velocity may lead to rebounds, collisions, vibration causing new arcs, and
other damages of the contacts. Moreover, oscillations in the switched circuit resulting from
contact vibration are undesirable [48].

4.1.3 Contact Pressure and Contact Material

When two contacts come together to close the electrical circuit, they touch each other within
the area that depends on the shape of the contacts. The force (N) with which the contacts push
against each other as measured on the contact axis, divided by the area of the contact (mm?)
equals the contact pressure (N/mm?). It is practically impossible to determine the real contact
area as it depends also on the roughness of the contact surface. The contact resistance depends
on the roughness profile of the contact surface [74]. The contact pressure is determined by the
contact force. In order to obtain a large contact area, the contact force must be increased so
that the contact area roughness may be deformed. A low force means a few effective contact
points and a small area of the contact (i.e. a high contact resistance). On the other hand, a
stronger force increases the number of contact points and the total contact area (lower contact
resistance). The contact force may be increased only to the limit defined by the mechanical
strength of the parts and as much as it is allowed by the supply voltage sensitivity.
Manufacturers of relays use different shapes of contacts according to the relay designs and
applications.

According to Schaelchlin’s theory [27], in place of current flowing from one conductor to
another conductor, there is increase of resistance Rp. Value of resistance Rp is related to
existence of many micro-contacts on surface between electrical contacts, as shown in Figure
4.8.
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conductor

conductor

Figure 4.8. Model of micro-contact on surface between electrical contacts

Real surface of single electrical micro-contact (expressed as y in Figure 4.8) is related to
contact force between electrical contacts and type of material contacts. Therefore, in practical
calculations of contacts resistance, the following formula should be used in order to calculate
resistance R, [27, 62, 88]:

crxr

L S 4.1
Ry (0.15 xF )" “.0)

where: ¢ — coefficient depending on the contact surface condition [N-m/m], p — resistivity of
the contact material [Q-m?/m], F - force acting on the contact [N], m — coefficient depending
on the contact type (surface contact: m = 1, linear contact: m = 0.7, point (Spot) contact:
m = 0.5).

Value of the product c-p can be taken from Table 4.3.

Table 4.3. Values of ¢-p products for different contacts material [88]

. Value of c-p product
Contact material
[MQ-N™]

Copper-Copper 0.08 - 0.23
Copperzinc pIated'Copperzinc plated 0.10

Copper'Copperzinc plated 0.07 - 0.10
Silver-Silver 0.06
Brass-Brass 0.67
Brass-Copper 0.38
Steel-Steel 7.60
Steel-Brass 3.04
Steel-Copper 3.10

Aluminum-Aluminum 3.00-6.70
Aluminum-Brass 1.90
Aluminum-Steel 4.40

As shown in Table 4.3, value of the product c-p is the lowest for contact consisting of two
silver conductors. Silver (Ag) is a cheap material that is applied as contact material in
electrical switches. Silver is featured by ductility, which helps to form it into various shapes
of contacts. This material provides high electrical and thermal conductivity. Main
disadvantage of silver is susceptibility to creation of arc erosion, and its low hardness. Silver
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4.2

reacts easily with sulfur that can be present in air, which as a consequence leads to increase
resistance of electric contact. For this reason, application of silver is not recommended in
constructions that consist of black rubber, ebony, or wire insulated with rubber, producing
sulfuretted hydrogen (hydrogen sulfide) when heated. Silver is used as contact material in
devices that are designed at low and medium voltages to switch small and greater currents. In
order to increase resistance of silver to erosion, some admixtures can be added, such as
platinum, or platinum iridium alloy [48].

Other contact material that is used to design contact systems of power switches is tungsten.
This material is featured by high hardness, fire resistance, wear resistance and welding.
However, main disadvantage of tungsten is its tendency to form thick oxide surface that resuls
in increased contact resistance. For this reason, application of tungsten as contact material
requires application of high contact forces. Resistance of tungsten is relatively high, so this
material is applied mainly to design auxiliary (arcing) contacts [48].

As it was mentioned before, alloys of silver with various chemical elements are applied to
gain better parameters of contact materials. Silver-tungsten alloy (AgW) is a hard material
that is featured by a high melting temperature and a resistance to contact welding. Main
disadvantages of AgW is an increased resistance and its susceptibility for oxidation.

Alloy of silver—nickel (AgNi) is resistant on oxidation process and has good properties for arc
quenching and resistivity similar to silver. However, this material has tendency for creation
of sulfide surface films, and contact resistance of this alloy is greater in comparison to silver
[48].

Silver-palladium (AgPd) possesses good contact welding and high corrosion resistance.
Contacts made from this material are also resistant on sulfitation process. Disadvantage of
AgPd is its tendency to form a polymeric surface film and to absorb organic gases [48].

Alloy of gold-silver (AuAg) stands out by low contact resistance, and its resistance to welding
contacts. For this reason, this material is usually applied in measuring circuits with low
voltages and currents.

Silver—cadmium oxide (AgCdO) is a ceramic-metal composition. This contact material is
prone to welding, has good mechanical wear, and high resistance to influence of electric arc.
Disadvantage of AgCdO is its relatively high resistance in comparison to pure silver, and its
tendency to form sulfide surface films. This contact material is used to design contacts rated
for average and high currents.

Silver—tin oxide (AgSnQO) possesses good switching capability for devices that have high
inrush currents (e. g. tungsten lamps), where the rated currents are low.

Performing the Contact Separation at the Defined Angle of the Current
Period

On alternating current and at resistive load arc extinction occurs at the moment when the AC
sinusoid passes through zero. If the contacts have separated at a distance where the electric
strength of the gap between the contacts exceeds voltage restoring on contacts the switching
process comes to the end (since repeated break-down of the gap is impossible). If not, another
breakdown of the gap between the contacts will occur.

As it was mentioned in section 3, the basic requirement for normal circuit opening is excess
of electric strength restoring during the switching process over restoring voltage. Restoring
electric strength of a gap between contacts depends on the speed at which the contacts are
separating, on the insulating environment of the gap between contacts (air, vacuum, sulfur-
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4.3

hexafluoride SFe, oil, etc.), and on the type of switching element (mechanical contact,
semiconductor structure, etc.), with all of the above determined by the construction of
switching equipment. Restoring voltage in circuit with resistive load equals the resistance of
the power source.

Synchronous switching is a method that is being widely applied in AC power systems to avoid
switching transient states [47,54,73]. There are existing commercially available
constructions of synchronous circuit breakers [15, 16], as well as, devices to control high
power switches [2, 120] which can be applied to this purpose. In general, controlled switching
is being applied to suppress switching transients. In this way, inrush currents, switching
overvoltages, and arcing times can be reduced significantly.

Researches on synchronous switching were performed in the past in LV circuits [18].
Application of synchronous switching is able to limit the electric arc energy and arcing time
significantly. Basically, this method is based on performing contact separation in AC circuit
at defined time just before the current zero-crossing. In this way, it is possible to achieve
shortest arcing time which as a consequence also reduce the electric arc energy. Thus,
application of synchronous switching leads to limit the arcing erosion.

In order to apply this method in LV circuit, it is necessary to develop the control system that
will be able to control contacts of the operated switch. Basic idea of synchronous switching
is presented in Figure 4.9.
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Figure 4.9. A simplified schematic diagram of the circuit (a); simplified waveforms of the
current switch and the current of the switch drive during the current interruption (b)

Figure 4.9.b presents the simplified waveforms of the current flowing in the main circuit is
during the current interruption. According to the description presented above, the control unit
is able to separate contacts of the operated switch S just before the current zero-crossing. For
this purpose, the control unit detects the current zero-crossing (at tzc) and based on the known
values of delay times (time between tzc and to) is able to separate the contacts of the operated
switch in the defined time. Time delay between tzc and top is related to self-delay of the control
system, and time delay between top and to is related to a mechanical inertia of the operated
switch. Because of both values of time delays may be known and repeatable in the operated
switch (but only in the same, known environmental conditions), the time of the contact
separation can be performed very precisely. For this reason, the contacts of the operated
switch can be separated just before the current zero-crossing, which results in limiting the
arcing time, as well as, the electric arc energy significantly.

Connection of the Suppressors in the Interrupted Circuit

In order to suppress switching transient states, passive RC components are being applied in
electrical circuits [39, 85]. In general, the main goal of an application of RC snubbers is to
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limit dU/dt steepness and values of overvoltages during transient states [53]. This aim can be
realized mainly through creating a possibility for discharging an energy stored in inductive
components of interrupted circuit. Passive RC components together with nonlinear voltage
components are being also applied to protect semiconductor components against voltage
transient state [1, 152].

In LV circuit with mechanical switches, passive components are being applied to increase the
lifespan of the operated switch through limiting the electric arc energy. Basically, two types
of passive components are being applied for this purpose in LV circuits: RC snubbers
(comprising of connected in series resistor and inductor) and Voltage-Dependent Components
(such as: Voltage-Dependent Resistors, Transient Voltage Suppressors, or Zener Voltage
Limiters).

There are existing commercially available RC snubbers to increase lifespan of operated switch
[4, 52, 80, 100]. The main role of the snubbers is to absorb the energy that is stored in the
load. The most problematic case is interrupting inductive current, because the energy stored
in the inductive component endeavors to maintain the current flowing in the circuit during
current interruption. This phenomenon can lead to generate significant switching overvoltages
that influence on the value of the electric arc. The electric arc erosion is dependent on the
value of the electric arc, therefore to keep the contacts in good conditions for long time, it is
necessary to limit the electric arc energy. Basically, there are two ways for connecting the RC
snubbers as shown in Figure 4.10.

Suppressor

D
Suppressor

$?

a) b)

Figure 4.10. A placement of the RC snubber circuit: a) the suppressor connected in parallel
to the operated switch, b) the suppressor connected in parallel to the load

As shown in Figure 4.10a, when the snubber is connected in parallel to the operated switch,
the current may commutate into the RC branch during current interruption and after then the
current decays. Because of connection of the snubber in parallel to the operated switch, there
is a leakage current that flows through the snubber, when the operated switch is open. To keep
this current at acceptable level, a well-designed circuit is required. If the snubber is connected
in parallel to the load according to Figure 4.10b, the leakage current appears only, when the
operated switch is closed. In this case, the current caused by the transient voltage is not able
to flow through the snubber into the voltage source, which leads to improve of the Electro-
Magnetic Compatibility (EMC) of the entire circuit. Connecting the snubber in parallel to the
load causes also results in keeping galvanic insulation of the operated switch. In
considerations if the snubbers should be connected in parallel to the operated switch or to the
load, the decisive factor can be the time, when the switch is open and closed. This criterion is
important due to limitation of losses generated through the leakage current.
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There is no universal formula to design parameters of the RC snubbers. Approaches for sizing

parameters of the RC snubbers that can be found in applications notes [52, 80, 100] are based

on different empirical equations. For example, according to [80], the value of resistor Rs

should be calculated by means of the following formula:

= KU e 4.2)
I N

Ry

where: k — experimental coefficient from range 0.5+3 [-], Upeax — the AC peak voltage [V],
In — rated current of the operated switch [A].

Lower value of the resistance Rs decreases the contact wear from arcing, while a higher Rs
decreases the contact wear from the capacitive inrush current.

Also according to [80], it is recommended to select the value of the capacitor Cs
experimentally, starting from 100 nF. According to further recommendations, effectiveness
of snubber should be evaluated in course of calculations, simulations or even with usage of
the oscilloscope.

Another approach that being used for limiting the electric arc through an application of
passive components is connection of Voltage-Dependent Components (such as: Voltage-
Dependent Resistors, Transient Voltage Suppressors, or Zener Voltage Limiters) in parallel
to the operated switch or in parallel to the load, as shown in Figure 4.11.
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Figure 4.11. A placement of the Voltage-Dependent Components in the circuit

Basically, Voltage-Dependent Components (VDC) conduct the current, when their threshold
voltage is exceeded. This feature can be used to limit the electric arc energy, similarly to
application of the RC snubber. In fact, VDCs limit the switching overvoltage that is generated
above the peak voltage of the interrupting circuit. This helps to discharge the energy stored in
load moreover, it could be helpful to limit the electric arc, which as a consequence can lead
to limit the electric arc energy.

As shown in Figure 4.11, the connection of nonlinear voltage components in parallel to the
operated switch provides a possibility for the current commutation into the snubber branch, if
the arcing voltage during the current interruption exceeds the minimal operating voltage of
the nonlinear component. Transient voltage waveforms (visible from terminals of the
nonlinear voltage components) during current interruption are presented in Figure 4.12.
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Figure 4.12. Transient voltage waveforms during current interruption:

a) Voltage-Dependent Component is connected in parallel to the operated switch,
b) Voltage-Dependent Component is connected in parallel to the load

As shown in Figure 4.12, the minimal operating voltage Urnreshold Of the applied nonlinear
voltage component cannot be lower than the peak voltage of the supply voltage Ups in the
circuit (Figure 4.11). This requirement has to be met, because after opening the operated
switch, when the TRV disappears, the entire voltage of the power supply Ups appears across
the open contacts of the operated switch S. If the value of the supply voltage Ues could be
greater than the minimal voltage of the applied nonlinear voltage component Urhreshold, then
the component VDC starts to conduct, whereby the current starts to flow through the nonlinear
voltage component VDC all the time after opening the operated switch S. This situation can
lead to a thermal damage of the nonlinear voltage component. For this reason, it is especially
important, to select the nonlinear voltage component with its minimal operating voltage
Urnreshold greater than the voltage peak of supply voltage at the steady state Ups. However, on
the other hand, the difference between the voltage peak of the supply voltage at the steady
state Ups and the minimal operating voltage Urnreshola OF the nonlinear voltage component
should be as small as possible, because in this case, it is possible to provide the most effective
limitation of the electric arc — the sooner nonlinear voltage component starts to conduct, the
more electric arc energy could be limited.

In order to determine the influence of the considered suppressor on effectiveness of the
electric arc limitation, the electric power generated at external suppressor can be calculated
according to formula (4.3):

Pe = Us*ig (4.3)
where: us — voltage measured across the switch [V]; is — current of the parallel branch [A].

Electric energy dissipated at the parallel branch can be calculated as a definite integral
according to equation (4.4):

Eo = g, (U, rig)dt @4

where: u, — electric arcing voltage [V]; ia — arc current [A], to — time, when electric arc starts
to burn [s], t1 — time, when electric arc is quenched [s].

In the next part of the thesis, formulas (4.3) and (4.4) were used to determine the capability
for limiting the electric arc energy by considered arc suppressors.
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4.4 Hybrid Switching

The application of power semiconductors in switches can help to achieve considerable
improvement in its performance and possible new capabilities. The connection of mechanical
switch with semiconductor components is called as a hybrid switch. In general, semiconductor
components combined with mechanical switches are being applied in hybrid solutions for
various reasons:

to reduce electric arc energy and the arc erosion of the contacts, which leads to
increase of the lifespan of the switch,

to suppress switching transients,

to implement an additional functionality of the switch, such as soft-starter,

to increase switching capability of the mechanical switch,

to limit short-circuit currents,

as a solid-state transfer switch for power-quality (PQ) improvement.

Various types of semiconductors that find the application in typical power electronic devices
[104, 105], such as: transistors (mainly: bipolar, unipolar, Insulated Gate Bipolar Transistor),
thyristors (mainly: Silicon-Controlled Rectifier SCR, Gate Turn-Off thyristor GTO, Triode
for Alternating Current TRIAC) can also be applied in hybrid constructions of switches. The
type of the selected semiconductor component that should be applied in the hybrid module
depends on the application of the hybrid switch and its functionality. The selected topologies
of various hybrid switches with different semiconductor components are presented in this
section.

The most common connection of semiconductor components with mechanical switch is
presented in Figure 4.13. This kind of combination can be used to interrupt operating currents,
as well as, short-circuit currents.

Energy
Absorber

i
D'_.

T+

T2
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Figure 4.13. AC HCB configuration using thyristors [119]

The topology from Figure 4.13 was presented in the work [119] as a solution to interrupt the
short circuit currents. The operating current flows during the steady state through the
Miniature Circuit Breaker (MCB) that is presented in Figure 4.13 as the switch S. When a
fault occurs, the switch S opens, which causes ignition of the electric arc which forces the
current commutation to one of the now turned-on thyristors (depending on the direction of the
current). The current can be interrupted by the semiconductor component at the first zero-
crossing, and the stored circuit energy can be dissipated at least partially by means of an
energy-absorbing device connected in parallel to the operated switch S. This topology can be
dedicated also for low frequency currents interruption generated by a wind generator [67].
However, thyristors are characterized by high-power rating but their turned off cannot be
controlled, which limits their application in short-circuit applications. For this reason, another
construction of the hybrid circuit breaker with GTO components that is based on the topology
presented in Figure 4.13 is illustrated in Figure 4.14.
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High-speed switch
Figure 4.14. GTO-based AC HCB configuration [67]

HCB illustrated in Figure 4.14 was presented in [45, 75], where GTOs, whose turning on and
off can be controlled, were used as semiconductor components. The mechanical switch used
in this application was a high-speed Vacuum Circuit Breaker (VCB), where an
electromagnetic repulsion force was used to open the circuit at high speeds. This helps to limit
the short circuit current through GTO components. As soon as a fault is detected, contacts of
the VCB open, which results in ignition of the electric arc between contacts of the VCB. The
electric arc acts as a counter electromotive force for commutation of the fault current into the
GTO components. The overvoltage protection device used in this configuration is a Metal-
Oxide Varistor (MOV).

The combination of microelectromechanical switches was presented in [63], its topology is
shown in Figure 4.15.
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Figure 4.15. AC HCB circuit using microelectromechanical switches [63]

As shown in Figure 4.15, the proposed construction of the hybrid switch consists of a few
modules including a diode and a microswitch that are connected in series as a form of a
switching string. The proposed HCB is based on the series connection of two such strings
(positive and negative switches). For this reason, one string is able to interrupt the positive
current and the other string can interrupt the negative current. Suitable voltage rating of the
switch can be achieved by the series connection of appropriate number of switching units.
Similarly, the current rating of the switch can be increased by the parallel connection of
appropriate number of strings. The snubbers connected in parallel to each module are used
for ensuring the uniform voltage distribution. The current flows through the microswitches
during steady state. When the fault occurs, microswitches open in positive or in negative
strings depending on the current polarity. For this reason, the current is able to commutate
into the diodes. The diodes are able to interrupt the current during its zero-crossing, which
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causes the current to interrupt before the end of the first-half cycle. This solution provides
small-size and arc-less current interruption.

The conductive polymers are characterized by abilities for limiting current and can be applied
in a combination with an MCB to fault current limiting and interrupting [50]. A Positive
Temperature Coefficient (PTC) thermistor, composed of conductive polymer material, can be
used to limit the current. The temperature of the thermistor increases with the current rise,
which leads to an increase of its resistance. The exemplary constructions of HCB including
the PTC component is presented in Figure 4.16.
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: S :

Figure 4.16. Current-limiting HCB using the PTC thermistor [26]

As shown in Figure 4.16, a PTC thermistor was used to limit the current through the
semiconductor element in an HCB circuit, which was described in [26]. The switch S
represent an MCB was applied to conducting the current in the main path. After receiving a
triggering signal, the contacts of the switch S start to separate, which causes ignition of the
electric arc which forces the current commutation into the parallel branch. The resistance of
the thermistor has to be below the limits for the given current at the time of the contacts
separation. This is required to perform the smooth current commutation from the mechanical
contacts into the semiconductor component. The current flowing through the thermistor
continues to increase after the end of the commutation, thereby the resistance of the thermistor
proportionally increases, which leads as a consequence to the limitation of the current. The
snubber circuit marked in Figure 4.16 is also applied for limiting the transient voltage during
turn-off of the semiconductor element. This topology of the HCB allows to avoid the need of
the ultra-high-speed fault detection to limit the current in comparison to the HCB topology
presented in Figure 4.14.

Another topology of the current-limiting HCB was shown in Figure 4.17 [149], where a high-
speed mechanical switch was applied to conduct the current under normal conditions.
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Figure 4.17. A current-limiting HCB [149]

When the short-circuit current is detected, the contacts of the switch S open by means of the
electromagnetic repulsion force at a very fast rate, so as a consequence the fault current does
not exceed the switching capacity of the circuit breaker current. At the same instant, one of
the thyristors T1 or T, is turned-on. The ignition of the electric arc across the contacts of the
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switch S forces the commutation of the short-circuit current into thyristor T1 or T». At this
state, the short-circuit current can be limited through the element connected in series with the
thyristor that is able to limit the current. After a some delay that is needed to completely open
the switch S, the gate signals of thyristors are removed. Thus, the limited short-circuit current
is interrupted at the next natural current zero-crossing within only one cycle after the short-
circuit occurrence. Similarly to the topologies presented in Figure 4.13, Figure 4.14, Figure
4.16 and Figure 4.16, the MOV component is connected in parallel to ensure the protection
of these switches against overvoltages. The current limiter can be based on e.g.: a current-
limiting reactor, a saturable reactor, the current-limiting fuses, or a current-limiting resistor.
It is obvious that the operating principles of this HCB are similar to those presented in Figure
4.16. However, in this topology, the short-circuit current can achieve high level before the
end of the current commutation from the switch S. This could take place due to the application
of the current limiter in the semiconductor branch.

An HCB topology that is based on the counter-current injection was proposed in [35]. The
schematic of the proposed HCB to limit the current in low voltage AC system is shown in
Figure 4.18.
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Figure 4.18. A current-limiting HCB using counter-current injection [35]

As shown in Figure 4.18, the switch S represents an MCB that conducts the current under
normal conditions. The contacts of the MCB can be opened very fast through the application
of an electrodynamic drive. The inductor L and the capacitor C are the passive elements that
have selected appropriate sizes for the dedicated application. The capacitor C was applied to
pre-charge up to an appropriate voltage level. In order to limit and interrupt the current,
thyristor T or T, is gated-on firstly (depending on the current polarity at the time of the start
of HCB operation). Pre-charged capacitor C provides a counter-current in the opposite
direction to the main current and flowing through the switch S in the closed loop of the circuit
T1(T2) — L—C — D2(D1) — S. This approach causes the current flowing through the switch S to
reduce, since the switch S opens at a fast rate with the limited electric arc. At the next stage,
the current commutates into the semiconductor elements that are already turned-on with L
and C in the closed loop, according to the above-mention description. The commutation time
may depend on the impedances of the two parallel paths and the initial conditions. The current
can be finally interrupted in the same way by means of a surge arrestor connected in parallel
to the switch S, as it is described above with reference to Figure 4.16.
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5 Arc Erosion in LV switches

According to the description presented in the chapter 4, in mechanical switches that are being
widely applied in electrical circuits, the electric contacts are essential component of any relay.
The functions that have to be being realized by each switch can be distinguished as the
following way: conducting the current, making the current, and interrupting the current.
Proper operation of the entire switch depends mainly on the condition of its electrical contacts.
For this reason, it is very important to maintain the electrical contacts in good condition for
entire lifespan of the switch.

When the switch is open, its contacts are separated, and for this reason, the current flow in the
circuit is not possible. In this state, the voltage source appears between the open contacts of
the switch. During making the current, the contacts of the switch close quickly (to avoid many
pre-strikes), which can cause the contacts to bounce. If the voltage source is strong high, then
the electric arc starts to ignite before touching the contacts, which leads to make the current
in the circuit. In this case, the current starts to flow in the circuit before the mechanical
touching the contacts. At time, when the contacts start to touch each other, bouncing the
contacts can be noticeable. This phenomenon leads to lose the contacts and to ignite of the
electric arc. Bouncing of contacts can be caused by the mechanical reflections of contacts, as
well as, by electrodynamic forces that are created from making current. For making short-
circuit currents, the high energy dissipated in the electric arc during bouncing the contacts can
lead to welding contacts as an effect of melting the contact material. This can lead as a
consequence to permanent damage of the switch that will not be able to open. If the electric
arc energy of making current is negligible, then welding contacts do not occur, however, faster
wear of the contacts can be observed. In this case, an excessive evaporation and a spattering
contact material on contact surfaces can be noticeable during making current.

When the switch is closed, and the current flows through its contacts, a thermal influence of
the current can lead to the damage of contacts. This can be observed, when the current flowing
by the contacts significantly exceeds the rated current of the switch, especially under short-
circuit conditions. Thus, it is also possible to weld the contacts, when the switch is closed.
This may lead to damage of the switch that could not be able to open. Flowing short-circuit
current through the switch can also damage the switch due to an influence of the
electrodynamic forces.

When the switch interrupts the current, its contacts start to separate, which causes to lose the
metallic connection between its contacts, and to ignite the electric arc. In order to quench the
electric arc effectively at the next natural current zero-crossing, voltage withstand of the
contact gap has to be higher than the value of Transient Recovery Voltage. When the electric
arc burns between the contacts of the switch, a considerable amount of the heat is dissipated
in the gap between the contacts. This temperature rise leads to create the arc erosion and can
influence negatively on entire contact system of the switch. For this reason, it is especially
important to reduce the arcing time, as well as, the electric arc energy.

Thus, the contacts of the switch can be damaged in any condition of working the switch:
during making, conducting or interrupting the current. However, during switching operating
currents, phenomena that are related to quenching the electric arc created from interrupting
current play a key role in a creation of damages of contact surface. For this reason, the electric
arc erosion created from interrupting current is the subject of this thesis dissertation. A
detailed mechanism of a formation of the electric arc erosion, and criteria for its evaluation
are described in this chapter.
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5.1 Arc Erosion as a Threat to the Normal Operation of the Switch

One of the serious problems during burning the electric arc between the electrodes is a transfer
of some amount of the contact material from one contact to another contact, which as a
consequence leads to a reduction of the surface of one the contacts. Thus, the transfer of the
contact material decreases the lifespan of entire switch. This phenomenon is especially
observed in DC switches, where the anode and cathode are constantly oriented due to the
polarity of the voltage supply. A good example can be an exploitation of car relays in
installations rated at 12 V, where the electric arc does not occur, and the mechanism of
transferring the material is related to a formation of a liquid metal bridge. Transferring the
material can lead to create bulges and craters on the contact surfaces, which is presented in
Figure 5.1.

Figure 5.1. Bulges and craters on contacts caused by electric spark [48]

Also in AC switches the transfer of the contact material is noticeable. However, in this case,
mainly bidirectional transferring of the material can be observed (from the cathode to the
anode and vice versa). Material properties of the contact material play a key role in the process
of the electric arc creation (especially thermal properties of the contact material and its
viscosity, the condition of contact surfaces, etc.). If contacts of the switch were made from
different materials, then differences in material properties of both materials could be a reason
for unidirectional transferring the contact material. The disproportionate dependence of the
arc erosion and transferring the material is caused by an uneven heating of the anode and the
cathode.

When the switch interrupts the current without the electric arc ignition, the bridge erosion of
the electrical contacts can be observed. A process of the creation of the bridge erosion is
presented as a simplified way in Figure 5.2 (the main assumption is that contact surfaces are
ideally smooth and clean).

a) b) C) d)
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Figure 5.2. A process of the creation of the bridge erosion [24]: 1, 2 — inequalities that
create the bridge, 3 — real contact surface, 4 — melting zone, 5 — temperature hot spot,
6 — axis of symmetry, 7 — surface of symmetry

As shown in Figure 5.2, when the distance between the contacts starts to increase, the length
of the bridge also increases. At the last stage, the bridge is still maintained by forces that come
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from wetting the material, and its diameter decreases in the middle zone. A thermal decay of
the bridge takes a place, when the temperature in the place where the diameter of the bridge
is the smallest reaches the value, at which an internal pressure balances the electrodynamic
pressure. The molten metal boils as the overheated liquid in the volume limited by contact
surfaces and the side surface of the bridge, and as a consequence evaporates. The discharge
process begins when the bridge decays. Independently of the type of the bridge decay, the
contact material is removed through the volumetric evaporation. As a result of the bridge
decay, contact material evaporates from both contact surfaces in a form of sphere. The volume
of the evaporated material can be estimated according to the following formula [24]:

2
P xh —he)

V, = TEX(BXRWP (5.1)

where: he — the height of the sphere [m], Rwe — the radius of the isotherm with the temperature
Twe [m]

According to PSD (Particle Sputtering and Deposition) model [31], during the current
interruption with the ignited electric arc, two phases can be distinguished: the metallic phase
and the gaseous phase. The process of creating and interrupting the electric arc for small
currents is presented in Figure 5.3.
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Figure 5.3. Preceding stages of the electric arc creation [24, 31

According to the description presented in the chapter 3, when contacts of the switch start to
separate, the number of contact points on surfaces of contacts decreases rapidly (Figure 5.3a).
The current that flows through contact points causes the surface of contacts to heat intensively.
This process is caused by an increased resistance of the contacts, and leads as a consequence
to melt the contact material. At the next stage, when the distance between contacts increases,
a liquid metallic bridge is created between contacts (Figure 5.3b). Together with lengthening
the distance between the contacts, the diameter of the bridge decreases. The bridge maintains
up to the time, when the temperature rise reaches the boiling point of the contact material. At
this time, the bridge is broken off due to an explosion of the melting material. This causes the
area between the contacts to fill by vapors of the metal. At this time, the distance between
contacts is very small, which influences on significant value of the electric field that can
exceed even 107 V/cm [24]. Under these conditions, the hot tip of the cathode is a source of
thermal and field emission of electrons. As a result of this process, the channel of the electric
arc is created. Electrons that are emitted from the tip of cathode are accelerated through the
electric field and moved in the direction of the anode. Inelastic collisions during the movement
of electrons from the cathode to the anode cause the ionization of the metal vapors. As a
consequence, the electron avalanche is created (the number of charged particles rapidly
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increases) that moves in direction of the anode. The discharge process begins when the liquid
metallic bridge decays (Figure 5.3c). Increasing further the distance between the contacts
causes an increase of the importance of the gas ionization that begins to play a main role and
causes the phase of the electric arc to change from the metallic phase into the gaseous phase
(Figure 5.3d). Increasing further the distance between the contacts helps to create convenient
conditions to quench the electric arc.

In LV switches, a length of the electric arc usually does not exceed a few centimeters. For this
reason, this type of electric arc is commonly called as the short electric arc. The length of the
electric arc is one of the most important factors that influences a creation of the electric arc
erosion. A simplified structure of the short electric arc with its characterized zones marked
(the electric arc column, cathode and anode zones) is presented in Figure 5.4.
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Figure 5.4. A simplified structure of the short electric arc, where:
1 — cathode and anode zones, 2 — the electric arc column [24]

An illustration of how mass change can occur in arcing contacts is presented in Figure 5.5.
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Figure 5.5. An illustration of how mass change can occur in arcing contacts
(Tm — molten zone, Ty, — boiling zone) [24]

The PSD model is being used to explain the process of transferring the contact materials
between the cathode and the anode in the metallic phase and in the gaseous phase of the
electric discharge.
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Figure 5.6. Transferring the contact material according to the PSD model [24, 31]:
a) the metallic phase, b) the gaseous phase

The mechanism of the erosion and transferring the contact material is different in both phases
and depends on the emission of ions in the metallic phase and in the gaseous phase. In the
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metallic phase, the electric arc ignites in vapors of the metal, and the main moving particles
are: electrons coming from the cathode, metallic ions, and metallic atoms. Electrons get the
energy in the electric field and move from the cathode to the anode. Metallic ions and
electrons are accelerated by the electric field, and reach to the cathode and the anode
separately. At the next stage, metallic ions settle on the cathode, and the electrons hit in the
anode. During this phase, the direction of transferring the contact material is from the anode
to the cathode. In the gaseous phase, the dominant particles are ions, atoms coming from the
guenching medium, and metallic atoms from the contact material. When ions hit the cathode,
the dispersion of particles takes a place. The particles have the sufficient energy to move from
the anode, and can settle on the anode. In this phase, the contact material is being transferred
from the cathode into the anode. Both phases are shown can be also observed the voltage
waveforms, which is shown in Figure 5.7.
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Figure 5.7. A sketch illustrating the various stages of arc formation in contact separation
with current flow (t, — bridge time, t. — anodic phase, tn — metallic phase,
— gaseous phase) [117]

The times of the phases depend on many factors, such as material properties of the contact
material, switching conditions, parameters of the quenching medium, which is presented in
Figure 5.8.
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Figure 5.8. An influence of various factors on transferring material in both phases [24, 31]

In principle, a creation of the electric arc erosion in switches is a very complex issue and
depends on many factors, such as: parameters of the electric arc, parameters of the quenching
system, the design of contacts, switching conditions. Graphic presentation of parameters and
factors that influence on creation of the electric arc erosion in switches is presented in Figure
5.9.
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Figure 5.9. Graphic presentation of parameters and factors that influence on creation of the
electric arc erosion in switches [117]

Thus, as shown in Figure 5.9, researches on the electric arc erosion can be performed in many
fields. Selected works related to the electric arc erosion are briefly described below.

An extensive study on the arc erosion is presented in works [24, 25]. The influence of
parameters of electric arc, the quenching system, switching conditions, and the design of
contacts (according to Figure 5.9) were studied in these works.

Investigations into welding and melting contacts are presented in [71, 135, 137]. The results
of investigations of welding behavior of silver and some silver-based composite materials are
discussed in [137]. Melting phenomena and arc ignition of breaking relay contacts were
described by authors in [135] (breaking contact voltage and current of conventional
electromagnetic relays with Ag contacts were measured for two hinge springs, for 12.5-50 V
energizing power-supply voltage and for 0.1-20 A contact current). The dependencies of the
phenomena on energizing current and residual inductance were confirmed for different
contact materials (Ag, Au, Ir, Pd, Pt, Zn) are presented in [71].

Researches on the electric arc erosion created from the electric arc ignited in vacuum are
presented in [84, 92]. The objective of article [84] is to investigate the anode erosion pattern
caused by the blowing effect in constricted vacuum arcs under an Axial Magnetic Field
(AMF). Article [92] presents observations of cross sections of the arc canyon erosion trace
and reveals erosion craters covered with a porous columnar film having a diamond structure.
Scanning Electron Microscope (SEM) images of this growth structure are presented in this
work.

Mathematical approaches that try to describe accompanying phenomena of the arc erosion are
presented in [24, 151]. Heat transfer and fluid dynamics in the molten pool in silver contacts
are coupled with the gas dynamics in the vicinity of arc spot to determine the evaporation rate
due to static arc and they are presented in [151].

Measurements of the electric arc erosion created from switching high currents are presented
in the following articles: [59, 77, 94, 99, 106, 117, 141]. Results of experiments which were
designed to investigate various aspects of the electrode erosion produced by high current
moving arc discharges are presented in [77] together with a simple model for electrode
erosion. Two modes of contact material erosion: vaporization and splash erosion are presented
in [106]. This model can be used to measure the amount of contact material removed after
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5.2

one electrical discharge. An experimental study of high current arc erosion on copper
electrodes in air is presented in [99], with an evaluation of fraction lost by gross melting and
vaporization. The paper [141] presents the problem of using extensive experimental results
on the erosion behavior of the high current contacts and various contact materials for
computer aided designing CAD of low voltage switching devices and for computer modelling
switching phenomena in these devices. The purpose of study [94] was to develop scaling
relations for material erosion with respect to electrical current for aluminum and titanium. In
the article [59], the researches and the analyses of the conditions of the anode spot formation
are shown. The heating processes were examined in the case of constant and variable heat
flux transmitted to anode, and the analyses are based on the photographic studies of the arc.
In the paper [117], contact break arc erosion fundamentals applicable to high power switching
devices in air (e.g. air magnetic circuit breakers and contactors) are reviewed along with recent
results showing dominant factors that affect contact erosion in the range of 3kAp to 22kAp.

Researches on the influence of contact materials on the creation of the electric arc erosion are
presented in the following works: [28, 64, 82, 107, 140, 150]. Experimental study of Ag-W-
Re composite materials under high-current conditions is presented in the work [140] (the
results of testing the properties of the new contact material silver-tungsten-rhenium under
high current conditions are presented, arc erosion, contact resistance, and statical welding
characteristics have been investigated). An experimental study of the dependence on the
current intensity of the erosion of thoriated tungsten cathodes in plasma arcs is presented in
[28] (the erosion occurring in thoriated tungsten cathodes used in transferred plasma torches
operating with current intensities ranging from 30-210 A has been experimentally
investigated). The objective of [150] is to investigate vacuum arc erosion characteristics of a
nanocrystalline CuCr (Cr 50 wt%) contact material. Influence of Contact Materials on
Phenomena in a Short Electrical Arc is presented in work [64] (special experiments with two
contacts materials, AgCdO and AgSnO; have been carried to verify the mathematical model).
The arc erosion behavior of Cu-15%Nb and Cu-15Cr composites was studied for both low-
energy make-and-break contact and a high-energy stationary arcing gap configuration is
presented in [82]. Experiments and modeling towards the design of an AgCdO substitute of
electrical contact arc erosion is presented in [107].

Electric-arc erosion of deion plates of arc suppressors of automatic circuit breakers during at
switch-off of extreme commutation currents is investigated. The proposed technique is used
to evaluate the effect of electrodynamic forces of the electric switch-off arc in the limiting
short-circuit regimes and is presented in [89].

Issues related to an analysis of the reliability of the switch were discussed in literature
[32, 146-148]. Multi-parameter simulating model for forecasting with current production the
durability of contacts of electromagnetic contactors was presented and described in [146-148].
Paper [32] presented proposed methods for examining the status of the vacuum in vacuum
circuit breaker by measuring the chopping current. This phenomenon was studied in a
chamber with a pressure control where chopped AC and DC currents were measured, and the
results give rise to a continuation of its practical application.

Arc Erosion in Hybrid Switches
In the past, researches on limitation of the electric arc erosion were being conducted. Selected
studies are listed and described briefly in this section.

A low-current (5 Arms) push-button hybrid switch was presented in work [69]. The switch is
rated at 120 V, and its hybrid module is based on a silicon-controlled rectifier (SCR) within
a diode bridge that was applied for AC operation. A bipolar transistor, along with resistors
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and capacitors, was used to obtain zero-voltage turn on of the SCR (i.e. lower than 20 V) for
both resistive and inductive loads. Life tests (1 000 000 operations in total) were performed
using a 120 V 5 A resistive load for closing and opening. Application of the hybrid module
influences on condition of contact switch, which is observed as a significant reduction of
contact damage.

Basic investigations of the commutation and switching mechanisms between contacts and
parallel thyristors and on results of erosion measurements at currents up to 500 A, 220V,
50 Hz are presented in [46]. Authors presented measurement of commutation parameters for
different contact material and photographs of the fixed and moving contacts after life tests
with 150 000 breakings.

An experimental DC hybrid switching device that minimizes arcing for 42 V applications was
presented in [125]. The characteristics of micro-arcing are investigated to determine the
factors which influence the duration of micro-arcs. Surface profiling techniques are used to
determine low level contact erosion. The magnitude of contact erosion is related to the micro-
arcing.

A method for reducing arc erosion was developed consisting of injecting an additional
electrical current flowing parallel to the contact surface and was shown in [102]. This method
was examined in three arc environments using the additional electrical current with a density
lower than 1 A/mm?: (1) Automobile ignition contacts; (2) Pulsed air arc; (3) Low pressure
arc in Nitrogen. SEM and X-ray examination showed that application of a transverse current
in a contact during arcing changed the phase composition and micro structure of the contact
surface. Under optimal conditions the micro structure which is formed is significantly more
erosion resistant than without the transverse current injection.

Paper [37] presents a case study of an event that occurred in an industrial facility that resulted
in an outage without extensive damage and no harm to employees due to proper use of arc
flash reduction products and a safety program. The case in point will illustrate a design of a
power distribution system that was approached with safety in mind, as well as, the safety
program that complimented the design resulting in a much less severe event. Arc flash
reduction solutions and techniques will be discussed, especially those that were used in this
example. The safety program implemented at this facility will also be reviewed to illustrate
the proper recipe for safety. This case illustrates how even working de-energized can present
opportunities for accidents to occur that should be addressed through proper use of installed
safety equipment coupled with the successful implementation of a safety program

Criteria for the Evaluation of the Arc Erosion

In order to evaluate the electric arc erosion in electric switches, the following methods are
being commonly used by researchers:

a change of a weight of contacts,

a change of the resistance between contacts,

observations of a microstructure of the contact surface performed by a microscope
and Scanning Electron Microscope (SEM),

measurements of the roughness profile of the contact surface,

a morphology analysis that can be performed e. g. by Scanning Electron Microscope
(SEM) coupled with an Energy Dispersive Spectroscopy (EDS).

Above-mentioned methods are described in the next part of this chapter. Selected research
results from measurements performed by other researches are presented in this chapter.
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5.3.1 Mass of contacts

Changes of a weight of contacts are caused by transferring the contact materials between the
electrodes. The mechanism of this phenomena was described in the chapter 5.1. The change
of a weight of contacts can be observed as the function of switching operations especially
during breaking large currents (above a few kA). An amount of the transferred material
depends on many factors that are presented in Figure 5.9. An amount of the transferred
material is usually small and can be measured in milligrams [25, 138]. Selected measurement
results of researches that were performed for changes of the weight of contacts are described
in detailed in [46, 64, 81, 85, 99, 117] and presented in Figure 5.10.
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Figure 5.10. Measurements of material losses: a) total erosion loss Zm,, at breaking for
different contact materials versus number of operations at | = 500 Arwus [46]; b) material
transfer rate under different arc currents (legend represents kq) [78], ¢) Experimental data
and model results of AQCdO cathode arc erosion [82]; d) Asymmetric contact pair shows
constant erosion rate with increasing number of arcing operations [117]; e) Wear intensity
of contact mass Am for Ag (1) and for Ag-NbSe2 (2) [64]; f) Total mass loss from the
electrodes 4me reconstructed as the mass collected on the discs 4mg and cylinder Am; and a
residual mass 10ss Amy.s for test 1 to 6 [99]
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As it was mentioned above, changes of weight in contacts can be observed especially, when
significant values of current are interrupted. For this reason, this method was not used in
researches that are presented in this thesis (measurements results presented inhere are related
to operating currents, thus, changes in weight of analyzed contacts are relatively insignificant
for number of performed operations).

5.3.2 Contact resistance

An increase of the contact resistance is related to changes of the material properties that are
caused mainly by the thermal influence of the electric arc. The creation of oxides on the
contact surface leads to increase in the contact resistance. When the switch is closed and the
current flows through its contacts, the thermal influence of the current can impact the contact
resistance by burning oxides. This process can have a nonlinear character, which hinders the
measurement of the contact resistance. For this reason it is very important to apply appropriate
current during measurements of the contact resistance. On the other hand, the number of
contact points between two materials (Figure 4.8) depends on many factors, such as the
contact pressure, the velocity of closing contacts, a shape and dimensions of the contacts, a
type of the contact material. For this reason, measurements of the contact resistance are
characterized by a large dispersion. Exemplary values of the contact resistance presented as a
function of contacting cycles are presented in Figure 5.11.
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Figure 5.11. Variation of contact resistance with contacting cycles: test conditions 210 V,
14.6 A, contact head diameter 6.35 mm [82]

Measurement results that are presented in Figure 5.11 were performed for the cold rolled
oxygen-free high conductivity copper applied as the contact material. As it can be observed,
the contact resistance in the initial stage of operation (up to 5000 operations) for each of the
three materials was fairly low [82]. However, relatively great dispersion of the measurements
can be observed, which is caused by different number of contact points (Figure 4.8) between
two movable contacts that contact each other during each contacting cycle. This phenomenon
is related to a kinematical dispersion of mechanical movement of the contacts. Due to
significant dispersion of measurement results, this method was not used in researches that are
presented in this work.

5.3.3 Observation of the contact surface

In order to observe a thermal influence of the electric arc, surfaces of contacts can be observed
by means of the optical microscope. This method allows to indicate changes in the
microstructure of the observed surface, which is very helpful especially in an evaluation of
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the electric arc erosion for composite materials that consist of a few chemical elements with
different material properties. Observations performed by means of the optical microscope can
provide information related to the temperature distribution during breaking current based on
the colors and deformations of the analyzed surface (micro-cracks, micro-craters, melted
layers, etc). This approach provides qualitative results for the observed surface. Exemplary
photographs that illustrate performed researches on the arc erosion in the past are presented
in Figure 5.12.

Figure 7. Dissipation of droplets on the outstretched copper plate after tes
showing clearly two areas (top and bottom) with higher density of molt
droplets.

Figure 8. Left: Shape of the electrode fingers with a moving arc after test
Right: Shape of cylindrical rod after a test with a stationary arc .
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Figure 5.12. a) Electric arc erosion of arc chute metal plates at commutation of current
with amplitude 105-120 kA 1 — phase A, 2 — phase B, 3 — phase C [89]; b) [99]; c) Impacted
surface layer after ten electrical arcs (25x) [107]; Contact surfaces after one time arc
ignition for 50 V/1A breaking operation [135]

Detailed descriptions of performed researches, whose measurement results are presented in
Figure 5.12 were published in [89, 99, 107, 135].

Observations of contact surface were also performed in the frame of researches presented in
this thesis. For this purpose, tested contacts were photographed and their surfaces were
observed by means of the optical microscope.

5.3.4 Roughness profile of contact surface

Changes in the microstructure of the contact surface created from the electric arc influence
cause a deformation of the roughness profile of the contact material. For this reason,
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roughness profile of analyzed contacts can be a measure of the electric arc erosion. A
roughness profile can be measured by means of the roughness tester. According to
international standards, roughness is characterized by defined parameters. Selected roughness
parameters that were used to perform researches presented in this work (Ra, R;, Rmax) are
described briefly below and shown in Figure 5.13.
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Figure 5.13. Roughness profile with marked parameters Ra, Rz, Rmax

The area between the roughness profile and its mean line is defined as the average roughness
Ra. This magnitude can be calculated as the integral of the absolute value of the roughness
profile height over the evaluation length, according to the formula (5.2) [132]:

lL
R, = —
== 0

0

r(x)ldx (5.2)

where: L — the length of the profile [m], r(x) — a roughness profile height as the function of
distance x [m].

Formula (5.2) can be also approximated by a trapezoidal rule, when evaluated data are
digitalized according to the formula (5.3).

1 8
a W a |rn | (5.3)
where: N — the number of measured points [-], r» —a measured height of the roughness profile

at the point n [m].
R; is the ten point average roughness that is calculated as averages of the five highest peaks
plus the depth of the five deepest valleys over the evaluation length (which is presented
according to marks p1-ps and vi-vs in Figure 5.13) [132]:

Pt ot Pyt ps[H Vv, s+, F Y
T 5
Rmax (marked also as Ry) is the maximum peak to lowest valley vertical distance within a single
sample length [132].

R

(5.4)

Researches on roughness profiles of contacts were being performed in the past [94, 102, 125].
Selected measurement results (3-D profile of hybrid switch contacts, example of an arc
erosion scan, as well as, measured surface roughness as a function of transverse current
density) are presented in Figure 5.14.
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Figure 5.14. a) 3-D profile of hybrid swi)tch contacts after 2000 op at 8 A [125];
b) Example of an arc erosion scan, false color represents the height [94];
c) Surface roughness Ra as a function of transverse current density
(low pressure arc in nitrogen) [102]

Thus, researches on roughness of contact profiles can be helpful especially to determine an
amount of transferring contact material between contacts and between contact area. For this
reason, this method was selected to perform evaluation of arc erosion for presented
experiments in the frame of this work.

5.3.5 Morphology analysis

Optical observations of contact surfaces (presented in section 5.3.3) allow to indicate changes
in microstructure of analyzed contacts (these methods allow to observe microstructures of the
contacts with magnification of 200-2000 times). Unfortunately, optical observations cannot
provide information related to chemical composition of analyzed samples. For this reason,
connection of optical observations with morphological analysis is necessary. For this purpose,
different spectrographic methods which enable to the analysis of the chemical composition of
external layers of analyzed contacts can be used (such as: Auger Electron Spectroscopy,
Secondary lon Mass Spectroscopy, Secondary Neutrals Mass Spectroscopy, Electron
Spectroscopy for Chemical Analysis, Rutherford Back Scattering, Inductively Coupled
Plasma Atomic Emission Spectrometry, Glow Discharge Optical Emission Spectroscopy or
Glow Discharge Mass Spectroscopy). Spectrographic methods allow to analyze chemical
composition of samples through acting flux of particles (electrons, ions, photons) on analyzed
surface. In this way, excited particles from analyzed surfaces are detected and analyzed. As a
result, intensity of emitted particles from observed surfaces is obtained, and chemical
composition of tested samples can be determined based on this information [25].

The chemical composition of the contact material can change as a result of the thermal
influence of the electric arc. In order to analyze chemical composition of contacts,
spectrographic methods can be used. Scanning Electron Microscope (SEM) coupled with an
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Energy Dispersive Spectroscopy (EDS) is one of the most commonly used methods to analyze
surfaces of electrical contacts [25] and for this reason this method was applied to evaluate the
electric arc erosion in frame experiments that are presented in this work.

Scanning Electron Microscope (SEM) coupled with an Energy Dispersive Spectroscopy
(EDS) is an analytical technique used for the elemental analysis or chemical characterization
of a sample. It is based on an interaction of some source of X-ray excitation and a sample. Its
characterization capabilities are due in large part to the fundamental principle that each
element has a unique atomic structure allowing a unique set of peaks on its electromagnetic
emission spectrum (which is the main principle of spectroscopy).

EHT-25.90 kU
Spn

Figure 5.15. a) Cross-sectional microstructures and the composition of the melt layer of
Erosion Region [84]; b) Degradation on the contact surface [151]; ¢) SEM photos of
cathode surface after arcing with an arc current of 170 A. 1 Surface of the cathode tip

cross-section. 2. Detail of central zone of the cathode tip surface [150] d) SEM micrographs
of CuCr cathode contact materials eroded by arc after switching 5000 times 10 A current;
e) Photo obtained using SEM on an aluminum sample [94]; f) SEM picture of a cavity full
of granules (anode) [107]
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6

6.1

Research Plan

The main goal of electrical measurements presented in the thesis was to perform researches
on a limitation of an electric arc energy and an electric arc erosion. The researches on the
electric arc mitigation were performed in a tested circuit by means of different considered
methods. The measurements were conducted in the tested circuit for two scenarios of a supply
voltage: 12 V and 230 V. These studies were necessary to indicate the most effective method
for the limitation of the arc energy that could be used to a next step of researches, which was
focused on an investigation into a limitation of an electric arc erosion in tested LV switches.
The researches on the mitigation of the electric arc energy and the electric arc erosion were
performed in the tested circuit with the same electrical parameters.

The method giving the best results for the limitation of the electric arc energy (hybrid
switching) was determined based on the electrical measurement results. This method was used
to perform the researches on the limitation of the arc erosion in the tested switches. For this
purpose, 200 000 cycles of a current interruption in the tested circuit were performed by
means of four switches in total.

A detailed research plan of the performed researches is presented in the section 6.1.

Overall Scope of the Work

All researches performed in the frame of the thesis can be divided into two main groups:

a) the researches performed on the mitigation of the electric arc energy,
b) the researches performed on the mitigation of the electric arc erosion.

Detailed research plans are presented respectively in the section 6.1.2 and in the section 6.1.3.
The researches were performed in the inductive tested circuit for a selected type of an operated
switch. The basic electrical parameters of the tested circuit are presented in the section 6.1.1,
and a description of the type of the operated switch, which was used to perform the researches
is presented in the section 6.1.4.

6.1.1 Basic Electrical Parameters of the Tested Circuit

The researches on the mitigation of the electric arc energy and the electric arc erosion were
performed in the same, almost quite pure inductive circuit — for this purpose, an air-core coil
(L = 29.8 mH) with slight resistance of winding was used (R = 1.2 Q). This type of the load
was selected to perform the researches for two main reasons.

Firstly, the inductive load is especially difficult due to conditions for quenching the electric
arc (according to the description presented in the section 3.1). For this reason, measurement
results presented in this thesis can be treated as the worst case: a power factor of the tested
circuit is more problematic than the conditions specified for example in the IEC standard [56].
This document defines AC categories that have to be met for an each LV switch available
commercially. According to the AC-3 utilization category [56], the switch has to provide
breaking capability in an electrical circuit with cos ¢ = 0.45 (for the interrupted current lower
than 100 A). The nominal current of the tested switch at 230 V is 33 A for the AC-3 utilization
category (see the section 6.7.3 for details). The RL parameters of the tested circuit give
cos ¢ =~ 0.13, and respectively about 1.3 Arms at 12 V and about 24.3 Arms at 230 V. Thus,
the value of the power factor in the tested circuit is much worse from viewpoint of the
breaking capability of the tested switch. According to the AC-3 utilization category [56], the
switch has to provide breaking capability in an electrical for at least 6 000 operating cycles.
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The researches on limitation on the electric arc erosion presented in thesis dissertation were
performed for 50 000 operating cycles performed by each tested switch. Thus, the
exceptionally hard conditions selected to perform the experiments guarantee that the method
limiting the electric arc determined as the most effective can give comparably good results
practically in an each considered inductive electric circuit.

Secondly, almost an each existing electrical circuit is characterized by an inductive character
at least partially. Thus, the inductive circuits can be found practically in an each electric
device, both in solutions dedicated to a domestic usage (such as: household appliances,
electro-tools, heating equipment, lightning devices, etc.), as well as, in the heavy industry
applications (such as: electric motors, arc furnaces, power electronic inverters, power
transformers, special industrial equipment, etc.) Therefore, the presented inhere methods can
be applied to protect the contacts of the operated switches that can be used in many industries,
which simultaneously can influence on increasing a reliability of many electrical circuits.

In general, the tested circuit consists of the air-core coil (L =29.8 mH) with its slight
resistance of a winding (R = 1.2 Q), which was used as a load, an operated switch, and a
voltage source. A general diagram of the tested circuit is presented in Figure 6.1.
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Figure 6.1. A general diagram of the tested circuit.
Ups=12Vor230V,R=12Q,L=29.8mH

As shown in Figure 6.1, the current flowing in the tested circuit is interrupted by the operated
switch S. The researches presented in the thesis are focused on the limitation of the electric
arc energy generated between the contacts of the operated switch S during the current
interruption. The researches were performed in the single-phase circuit.

Detailed research plans are presented respectively in the section 6.1.2 and in the section 6.1.3.
A description of the type of the operated switch, which was used to perform the researches is
presented in the section 6.1.4. A detailed description of the laboratory stand consists of the
tested circuit a measurement equipment, a microcontroller system to control the entire
switching operation, and additional protections to provide the safety of the use was presented
in the next part of the thesis.

6.1.2 Researches on the Limitation of the Electric Arc Energy

In this section, the detailed research plan for the mitigation of the electric arc energy
performed in the tested circuit was presented.

The investigations on the limitation of the electric arc energy during the current interruption
were conducted in the tested circuit for the following scenarios (the experiments were
performed both at 12 V, as well as, at 230 V of the supply voltage, and measurements results
were presented in two separated chapters in next part of the thesis):

1. Performing the contact separation of the operated switch at four defined phase angles
of the current period: just before a current zero-crossing, at 35°, at 90°, at 145°.
A detailed description is presented in the section 6.2.
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2. Performing the contact separation of the operated switch at the defined phase angle of
the current period in the tested circuit (respectively: at 35° for the 230 V supply voltage,
and at 90° for the 12 V supply voltage, these conditions were selected due to expected
the largest electric arc energy) with a connection of various passive external branches
in parallel to the operated switch, such as: a RC arc suppressor, a VVoltage-Dependent
Resistor (VDR), a Transient Voltage Suppressor (TVS), a Zener Voltage Limiter
(ZVL). A detailed description of this method is presented in the section 6.3.

3. Performing the contact separation of the operated switch at the defined phase angle of
the current period in the tested circuit (similarly to the point 2: at 35° of the current
period for the 230 V supply voltage, and at 90° of the current period for the 12 V supply
voltage) with the application of a hybrid switching system. This method is based on the
connection of a semiconductor branch in parallel to the operated switch. For this reason,
the current commutation into the semiconductor branch is possible during the current
interruption. A detailed description of this method is presented in the section 6.4.

The following signals were measured during the researches:
a voltage us between the contacts of the operated switch S,
a current is of the operated switch S,
a current ig of an external branch connected in parallel to the operated switch S.

The researches were conducted at the two different voltage levels (at 12 V and at 230 V) in
the tested circuit. Another electrical parameters of the tested circuit are the same in both
variants of the voltage supply. This approach was applied to point out the influence of the
voltage supply on the effectiveness of the application of the considered method applied to
limit the electric arc in the tested circuit. The researches were repeated at least 10 times for
each investigated method to ensure that the obtained measurement results are repeatable.
Slight differences could be observed in the registered waveforms for the each considered
method that were caused by random phenomena taking part in a physical process of the
electric arc formulation. In this thesis, the registered waveforms from single selected
representative experiment were presented for the each considered method.

Based on the measured data, the following waveforms were calculated and presented in the
next part of the thesis (respectively in the chapter 7 and in the chapter 8):
a power of the electric arc pa — calculated as a product of the current interrupted by
the operated switch S and the voltage measured between the contacts of operated
switch, according to the dependence (3.3),
a power generated at the external branch connected in parallel to the operated switch
pe — calculated as a product of the current commuted into the external branch
connected in parallel to the operated switch and the voltage measured between the
contacts of operated switch, according to the dependence (4.3),
an energy of the electric arc ea — calculated as a definite integral for the power of the
electric arc according to the dependence (3.4), for the time between the contact
separation of the operated switch and the time, when the electric arc quenches,
an energy absorbed by the external branch connected in parallel to the operated switch
es — calculated as a definite integral calculated for the power generated at the external
branch according to dependence (4.4), for the time between the contact separation of
the operated switch and the time, when the electric arc quenches.

A theoretical waveforms of the measured voltage across the operated switch and the measured
interrupted current with theoretical waveforms of the calculated electric arc power and the
calculated electric arc energy together with marked the key instants during the current
interruption process are presented in Figure 6.2.
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Figure 6.2. A theoretical waveforms of the measured voltage and current with theoretical
waveforms of the calculated power and energy; to — the time, when the contacts of the
operated switch start to separate, t; — the time, when the electric arc was quenched,
t> — the time, when the steady state voltage appears between the contacts of operated switch
after the end of the TRV

As shown in Figure 6.2, the electric arc energy ea was calculated as a definite integral from
the product of the measured voltage across the operated switch us and the interrupted current
is. The electric arc energy starts to increase from the time to, when the contacts of the operated
switch start to separate, and the arcing voltage starts to increase. The electric arc quenches at
time t;, and just after that oscillations can be observed in the electric arc power pa. This
phenomenon is observed only during measurement a small current in the tested circuit
supplied by 12 V voltage source (during experiments performed for larger current in the tested
circuit supplied by the 230 V voltage source, similar oscillations were not observed). Thus,
these oscillations are caused by measured negligible oscillations of the small current is that
appear after the current zero-crossing (it is not the post arc current, this phenomenon is caused
by an inaccuracy of the measurement realized by the current probe). The oscillations
negligibly influences on the calculated final value of the electric arc energy ea (after ti).
However, in course of the following analyses, the electric arc energy ea was always read out
precisely at time ti. For this reason, the values of the electric arc energy ea presented in the
next part of this thesis are related to only the time, when the electric arc burns (between to and
t1). The same approach was applied to calculate the energy absorbed by the external branch
es connected in parallel to the operated switch.

The studies of the above-mentioned signals allow to perform both the quantitative, as well as,
the qualitative analysis of the limitation of the electric arc energy for the different considered
methods. Based on the measurement results, the application of the hybrid switching was
determined as the most effective method for the limitation of the electric arc energy.

In order to highlight physical differences in the formation of the electric arc created between
the contacts of the operated switch during the application of the hybrid switching, a
registration of the contact system was performed by means of the High Speed Camera
dedicated to register slow-motion observations. The registrations of a formulation of the
electric are were conducted in the situation, when the contacts of the operated switch start to
separate at 35° of the current period, and the tested circuit was supplied by the 230 V voltage
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source. These conditions were selected due to expected greater electric arc energy. Registered
frames are presented in the chapter 10, for the two analyzed situations: both for the current
interrupted by the standalone switch, as well as, for the same switch equipped with the hybrid
switching.

6.1.3 Researches on the Limitation of the Electric Arc Erosion

In this section, the detailed research plan for the limitation of the electric arc erosion is
presented. As it was mentioned in the section 6.1.2, the application of the hybrid switching
was determined as the most effective method for the limitation of the electric arc energy
among all considered methods. The researches on the influence of the selected method on the
limitation of the electric erosion created in the contact surfaces of the operated switch were
performed in the function of the switching operations. The measurements were performed for
four switches of the same type. For this purpose, 200 000 cycles of the current interruptions
were conducted in total. The researches were performed according to the following plan:

1. 100 000 cycles of the current interruption were performed by the two standalone
switches (50 000 cycles of the current interruption were performed by the each analyzed
switch).

2. 100 000 cycles of the current interruption were performed by the two switches installed
in the tested circuit with the hybrid switching method applied (in this case, also 50 000
cycles of the current interruption were performed by each analyzed switch).

The researches were performed for two switches for the each analyzed method, to verify a
similarity of the arc erosion degree in the both investigated switches. Because of higher
electric arc energy during the current interruption, the researches were performed in the tested
circuit supplied by the 230 V voltage source, when the contacts of operated switch start to
separate at 35° of the current period. These parameters provide the difficult conditions for
guenching the electric arc, so for this reason, they were selected to highlight the effectiveness
of the application of the hybrid switching in the tested circuit. A comparison of surface
conditions of the analyzed contacts taken from the new switch and the tested switches was
performed by means of the following devices:

a photo camera,

an optical microscope,

a roughness tester,

a Scanning Electron Microscope (SEM) coupled with an Energy Dispersive
Spectroscopy (EDS).

The researches performed by means of the photo camera and the optical microscope allow to
compare visual conditions of the contact surfaces dismantled from the analyzed switches after
the experiments. The roughness tester was applied to measure roughness profiles of the
contact surfaces taken from the operated switches after the tests. The Scanning Electron
Microscope (SEM) coupled with the Energy Dispersive Spectroscopy (EDS) was applied to
perform the more accurate observations of the surface microstructures of the analyzed
contacts together with the analysis of their chemical composition.

The application of the above-mentioned methods allows to perform both the quantitative, as
well as, the qualitative analysis of the electric arc erosion degree. A detailed description of
the research program on the limitation of the electric arc erosion is presented in the section
6.5, and a detailed description of the methods applied to determine the degree of the electric
arc erosion is presented in the section 6.6.
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6.1.4 LV Switch Selected as the Tested Object

6.2

In order to perform the researches, the three-phases low voltage (LV) switch with the double-
break contact system (Figure 4.5b) was chosen as the tested object. This type of the switch
was applied to perform the experiments due to its specified design. A distribution of the
electric arc into two smaller arcs in the both quenching chambers during the current
interruption improve conditions for cooling of the arc channel. According to the description
presented in the section (3.3.2), changing the conditions for cooling down the electric arc
impacts on its voltage-current characteristic. For this reason, existence of the two arc
quenching chambers, in which the electric arc burns during the current interruption process
causes to increase the total arc resistance across the entire switch, which also causes creation
of the greater voltage drop across the entire switch (created from the arcing voltage). The
creation of the greater arcing voltage can give better results (for the some parameters of the
tested circuit) to limit the electric arc energy through the application of external passive
branches connected in parallel to the operated switch. This mechanism is described in detail
in the section 6.3.2.

Thus, the applied switch equipped with the double arc-quenching chambers was used as the
tested object to perform the experiments. The simplified schematic of the single-pole contact
system of the analyzed switch is presented in Figure 6.3.

Legend:
1. Electric arc
Moveable contact 2. Contact surface
3. Arc-quenching chamber area

Fixed contact Fixed contact

Figure 6.3. The simplified diagram of the single-pole contact system of the operated switch

As shown in Figure 6.3, the single-pole contact system of the analyzed switch consists of the
two fixed contacts and the one moveable contact. During the current interruption, the electric
arc burns between the separated contacts in the both arc-quenching chambers (arc-quenching
chambers are marked in the simplified way as the blue frames in Figure 6.3).

Applied contractors are typical three-phases switches, which can be used for controlling
power circuits up to 690 Vac and 220 Vpc. The contactors include an electronic coil interface
providing reduced pull-in and holding consumption, particularly for AC control circuits. The
manufacturer offers various parameters of drive coil that is applied in this type of relay — the
selected type of contactor is equipped with a coil that could be supplied by 24-60 Vsoss0 Hz, 8S
well as, 20-60 Vpc, which allowed its easy application in the tested circuit. Silver and tin
oxide mixture with dopants was applied as the contact material in the analyzed switch.
Detailed electrical parameters of the contractor are presented in the section 6.7.4.

Contact Separation of the Operated Switch at Precise Time Slot of
Current Period

According to the description presented in the section 4.2, performing the contact separation

of the operated switch at the defined phase angle of the current period can influence the
electric arc energy during the current interruption in the AC systems. For this reason, detailed
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measurements were conducted in the thesis to investigate this dependence in the tested
electrical circuit. For this purpose, four different phase angles of the current period were
chosen to perform the contact separation: 35°, 90°, 145° and the time just before the natural
current zero-crossing. In order to indicate the differences in values of the electric arc energies
during the current interruption, the researches were performed in the tested circuit for two
voltage levels of the supply voltage (both at 12 V, as well as, 230 V).

In order to perform the measurements, a microcontroller system with implemented special
algorithm was developed. The microcontroller unit was used to control the operated switch in
the tested circuit. A simplified schematic diagram of the tested circuit with the applied
microcontroller system to separate contacts of the operated switch at defined time, as well as,
simplified waveforms illustrating the current switch drive during the current interruption
process are presented in Figure 6.4.
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Figure 6.4. A simplified schematic diagram of the tested circuit (a); simplified waveforms of
the current switch and the current of the switch drive during the current interruption (b):
tzc — the detection of the current zero-crossing; too — giving the signal to open the switch;

to — the time of the contact separation

measurement

As shown in Figure 6.4a, the switching sequence of the operated switch S is controlled through
the microcontroller system, which takes into account known values of delay times (being
composed of a self-delay time of the control system, as well as, a delay time of the switch
drive response). The microprocessor unit measures continuously the instantaneous value of
the current flowing in the tested circuit. Therefore, the microprocessor system is able to make
a decision about the time to give a triggering signal to open the contacts of the operated switch
(through the control of the current of the switch drive isp) precisely in the defined phase angle
of the current period.

Figure 6.4b presents the simplified waveforms of the current flowing in the main circuit is and
the current of switch drive during the current interruption isp. According to the description
presented above, the microcontroller system detects the current zero-crossing (at tzc) and
based on the known values of delay times (time between tzc and to) is able to separate the
contacts of the operated switch in the defined time. Because of the values of internal time
delays are known and repeatable in the operated switch (but only for the same, known
environmental conditions), the time of the contact separation can be determined very precisely
(in practice, a inaccuracy of the time contact separation is shorter than 1 ms due to a dispersion
caused by a mechanical delay of the operated switch). A flowchart of a developed algorithm
implemented into the microprocessor unit controlling the entire switching process is presented
in Figure 6.5.
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6.3

A user introduces the following data as constants in the algorithm:
1. The defined phase angle of the current period to perform
the contact separation of the operated switch
2. The known delay times

A

The microprocessor system detects the zero-crossing current (#zc)

A
The microprocessor system takes into account the known internal delay time
(waits a few miliseconds)

v
The microprocessor system gives the triggering signal
to open the operated switch (#,p)

A

The contacts of the operated switch open in the defined phase angle of the
current period after the delay time of the operated switch drive at ()

Figure 6.5. A flowchart of the developed algorithm to control the operated switch
(the remarks are consistent to Figure 6.4)

The self-delay time of the developed system and the time delay of the switch drive were
determined in the course of the measurements. These values together with the defined times
to the contacts separation are introduced into algorithm as the constants manually by the user
(see the section 6.7 for details).

Connection of Passive Branches in Parallel to the Operated Switch

In order to determine the influence of the components connected in parallel to the operated
switch on the electric arc energy, the detailed measurements were performed in the following
conditions:

the RC arc suppressor,

the Voltage-Dependent Resistor (VDR),

the Transient Voltage Suppressor (TVS),

the Zener Voltage Limiter (ZVL),

the Solid State Relay (SSR) applied as a bypass of the operated switch in application

of the hybrid switching method.

The parameters selection of the applied components used to perform the researches are
presented in this section.

6.3.1 Selection of the RC Suppressor Parameters

According to description presented in section 4.3, an impedance of the RC suppressor
connected in parallel to the operated switch (according to the row 1 in Table 6.1) cannot be
too low, due to the expected large value of a leakage current in the time, when the contacts of
the operated switch are opened. Specialized simulations of the current interruption were
performed with the various resistances and the capacitance of the RC suppressor to find the
most appropriate RC parameters to perform the experiments. Calculations were performed by
means of the mathematical model of the electric arc behavior implemented into EMTP-ATP
software by author, that was also used in [8, 20, 29, 33, 34, 49, 90, 95, 96, 115]. However, in
the course of the performed simulations, no significant influence of the parameter changes of
the RC suppressor on the commutation process was observed for both levels of the supply
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voltages. For this reason, the parameters of the RC suppressor (Rs =47 Q; Cs = 0.1 puF) were
selected to the experiments based on widely available commercial arc suppressors applied to
protect the electric contacts against the effects of the electric arc.

6.3.2 Selection of the Parameters of the Nonlinear VVoltage Components: VDR, TVS,
ZVL

According to the description presented in section 4.3, the application of nonlinear voltage
components (such as: the VDR, the TVS, the ZVL) connected in parallel to the operated
switch provides a possibility for the current commutation into the branch connected in parallel
to the operated switch, if the arcing voltage during the current interruption exceeds the
minimal operating voltage of the nonlinear component. A simplified tested circuit diagram
including the nonlinear voltage component R connected in parallel to the operated switch S,
as well as, a simplified waveform of the voltage across the operated switch us during
interruption of the current is, together with marked voltage protection level provided by the
parallel component Urnreshold are presented in Figure 6.6.

us(t) arcing
u(ypvoltage ) .
voltage protection level provided by
: ! nonlinear voltage component UThreshold
RO | s A, |
| / | 1
| I 1
= /N
UPS@ Urhreshold L | : | >
— \
I I ! voltage at
R A NI steady state
TRV
a) b)

Figure 6.6. A simplified tested circuit with connected parallel nonlinear voltage component
to the operated switch (a); a simplified waveform of voltage across the operated switch (b);
to — the time, when the contacts start to separate, and the electric arc starts to burn, t1 — the
time, when the electric arc quenches, and the TRV appears at the terminals of the operated
switch, t, — the time, when the TRV disappears, and the voltage achieves steady state, Ups —
the power supply, R — the nonlinear voltage component, S — the operated switch, L — the
electrical load; us(t) — the voltage across the switch

As shown in Figure 6.6, the minimal operating voltage Urhreshola OF the applied nonlinear
voltage component cannot be lower than the peak voltage of the supply voltage Ups in the
tested circuit. This condition has to be met, because after opening the operated switch, when
the TRV disappears, the entire voltage of the power supply Ues appears across the open
contacts of the operated switch S. If the value of the supply voltage Ues could be greater than
the minimal voltage of the applied nonlinear voltage component Urhreshoid, then the component
R starts to conduct, whereby the current starts to flow through the nonlinear voltage
component R all the time after opening the operated switch S. This situation can lead to a
thermal damage of the nonlinear voltage component. For this reason, it is especially
important, to select the nonlinear voltage component with its minimal operating voltage
Urnreshold greater than the voltage peak of supply voltage at the steady state Ups. However, on
the other hand, the difference between the voltage peak of the supply voltage at the steady
state Ups and the minimal operating voltage Urnreshola OF the nonlinear voltage component
should be as small as possible, because in this case, it is possible to provide the most effective
limitation of the electric arc — the sooner nonlinear voltage component starts to conduct, the
more electric arc energy could be limited.

Thus, the parameters of the nonlinear voltage components (VDR, TVS, ZVL) connected in
parallel to the operated switch were selected to meet the assumptions presented above, both
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in the tested circuit supplied by the 12 V, as well as, the 230 V voltage source. For this
purpose, the components with the typical voltage values, which can be find in a commercial
application were selected. The detailed parameters of the applied components are presented
in the section 6.3.3.

6.3.3 The Parameters of the Passive Parallel Components

The parameters of the passive components connected in parallel to the operated switch for
limiting the electric arc energy were selected according to the description presented in the
chapters 6.3.1-6.3.2. The parameters of the passive components connected are presented in
Table 6.1.

Table 6.1. The considered passive methods to limit the electric arc energy [36, 124, 130]

Basic electrical parameters

Snubber Schema The 12 V supply The 230 V
voltage supply voltage
R C
1.RC R=47Q
snubber S C=0.1pF
[e, O
Type:

B72214S0200K101 ‘ B72220S0231K101
Voltage Rating AC:
20V | 230V
The voltage between two terminals
with the 1 mA current applied:
33V \ 360 V
Nominal surge current 8/20 ps:
1000 A | 8000 A
Nominal Peak Energy 10/1000ps:
6] | 130
Type:
1.5KE24CA | 1.5KE400CA
Peak power pulse (10/1000 ps):
1.5 kw
Stand-off voltage:
o 20.5V | 342V
Nominal Breakdown Voltage:
24V | 400 V
Type:
IN5357B | IN5386B| 1N5388B
Zener Voltage:
D1, D2 [ 180V | 200V

2. VDR

Yo g

3.TVS

Lo %o

20V
Reverse voltage:
S >152V | >137V | >152V
o <>( | N Zener Current:
238 mA | 26mA | 24mA
Non repetitive peak power dissipation, t < 10 ms:
80 W

4. ZVL
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6.4

As shown in the row 4 of Table 6.1, two Zener diodes were connected in series with common
cathodes in the parallel branch connected to the operated switch. This way of the connection
allows to provide the possibility of the current commutation independently on the polarization
of the voltage across switch. This issue does not matter during the application of the VDR and
bidirectional TVS — both components are not sensitive to the sign of the voltage connected to
their terminals, so the current commutation can be performed independently on the
polarization of the voltage appearing across the operated switch.

As shown in the row 4 of Table 6.1, two types of Zener diodes were applied in the tested
circuit supplied by the 230 V voltage source (with the Zener Voltage respectively: 180 V and
200 V). In order to achieve required voltage level, two Zener diodes (with Zener voltage
200 V and 180 V) were connected in series to obtain the highest summary Zener Voltage in
total (180 V + 200 V = 380 V), which is presented in Figure 6.7.

U, =200V

PR

Di D2 Ds D«

O

Figure 6.7. A way of the connection of the Zener diodes to achieve
higher Zener Voltage (Uz)

Thus, based on the data listed in Table 6.1, the threshold voltages Urnreshoia COllected for the
considered passive nonlinear voltage components are listed in Table 6.2.

Table 6.2. Threshold voltages collected for considered passive voltage components

Voltage Threshold voltage Urhreshoia Of the
source in the | considered nonlinear voltage components
tested circuit VDR TVS ZVL

12V 33V 24V 20V
230V 360 V 400 V 180 + 200 = 380 V

Thus, as shown in Table 6.2, in the tested circuit supplied by the 12 V voltage source, the
ZVL has the lowest threshold voltage, while the VDR has the highest threshold voltage. In
the tested circuit supplied by the 230 V voltage source, the VDR has the lowest threshold
voltage, while the TVS has the highest threshold voltage. The parameters of the nonlinear
voltage components (VDR, TVS, ZVL) connected in parallel to the operated switch were
selected to meet the assumptions presented in the section 6.3.2, both in the tested circuit
supplied by the 12 V, as well as, the 230 V voltage source.

Hybrid Switching

In this section, a detailed description of the hybrid switching is presented.

The method presented inhere is based on the connection of the semiconductor branch in
parallel to the operated switch. The semiconductor branch is controlled by the microcontroller
unit during the entire switching sequence. The control of the semiconductor branch is realized
to provide the following switching sequence:

1. The semiconductor branch does not conduct the current when the operated switch is
closed — entire current is flows by the contacts of the operated switch S.

2. The semiconductor branch should start to commute the current is (into the
semiconductor branch as the current ig) simultaneously, when the contacts of the
operated switch start to separate. After opening the contacts of the operated switch S,
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the entire current ig flows only through the semiconductor branch up to the nearest
natural zero-crossing of the interrupted current ig.

3. The current ig stops flowing in the tested circuit as close as possible its natural zero-
crossing (in the practice, the current ig stops flowing below the minimal holding
current that is one of the parameters of the semiconductor component. The minimal
holding current is negligible in comparison to the interrupted current ig).

In order to present the switching sequence presented above, a simplified circuit diagram with
the switching sequence during the current interruption is shown in Table 6.3.

Table 6.3. The hybrid switching sequence

The L .
sequence The circuit diagram with The waveforms
the marked currents
number
1. ITe] T i signal to trigger thyristor
i t
Is switch current
S !
é L iT
thyristor current
t
] ic
2 Ieﬁl-r_ signal to trigger thyristor
. N H
IB t
JJC j S s switch current
is /]
A V4 ’
§ ir
UPS e thyristor current |/\
t
3. ‘ iG T le signal to trigger thyristor
Y l
1B , t
JJC S Is switch current
is
(&) |
% L iT
US e thyristor current
t
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Thus, as shown in Table 6.3, the following key steps can be distinguish during the hybrid
switching:

1. asteady state occurs in the tested circuit, the operated switch S is closed, entire current
is flows through the contacts of the operated switch S,

2. atriggering signal is given to the operated switch S to open its contacts in the defined
phase angle of the current period. For this purpose, the microcontroller unit takes into
account the known values of the delay times (being composed of the self-delay time
of the control system, as well as, the delay time of the switch drive response,
according to the description presented in the section 6.2). In the next step, a short
trigger signal ig is given to the semiconductor component to ensure possibility for
performing the current commutation to the thyristor branch as soon as possible. The
microprocessor unit is able to send this signal just before the contact separation of the
operated switch, taking into account the known delay times of the operated switch.
This is possible, because the response time of the semiconductor branch is
significantly shorter in comparison to the delay time of the operated switch. Just after
the contact separation, the arcing voltage us across the switch increases (see Figure
6.9 for the details), and when its value exceeds the minimal rated operational voltage
of the semiconductor branch, the entire current commutes into the semiconductor
branch from the operated switch S. The semiconductor branch stops conducting the
current is, when the value of the current ig is lower than the minimal holding current
value of the semiconductor branch,

3. the contacts of the operated switch S are open, the semiconductor branch does not
conduct, the current does not flow in the circuit.

As shown in Table 6.3, the branch including the thyristor connected in parallel to the operated
switch was presented in the simplified way to clarify the Figure. In practice, the function of
the thyristor T shown in Table 6.3 is realized by an opto-isolated Solid State Relay (SSR)
composed of the connected two anti-parallel thyristors, however, the control of the SSR is
realized in the same way in the both cases. A simplified circuit diagram of the hybrid system
used in the tests with the detailed topology of the applied SSR is presented in Figure 6.8.
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T YV Joolg
il MoV 1egl=
1 jleold
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- (82!
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Figure 6.8. A simplified circuit diagram of the hybrid system
used in the tests with the detailed topology of the applied SSR

The application of the SSR allows to perform the current interruption both in positive, as well
as, negative the half-wave of the current. As shown in Figure 6.8, the SSR consists of an opto-
insulated module, two anti-parallel connected thryristors, a MOV component, as well as, a
RC suppressor. The application of the opto-insulated module provides a full galvanic isolation
between the main circuit and the control circuit, which prevents damages of the
microcontroller system, which is responsible for the control of the entire system. The
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application of the additional RC suppressor and the MOV component integrated inside of the
SSR provides the protection for the semiconductor component against overvoltages generated
during the switching transient states. The detailed technical data of the used SSR to the
experiments are presented in the section 6.7.5.

In order to discuss the mechanism of the current commutation in details during the hybrid
switching, measured waveforms of the voltages across the operated switch us, the current is
of the operated switch S and the current commuted into the semiconductor branch ig are shown
in Figure 6.9. The measurements are performed in the tested circuit supplied by the 230 V
voltage source. The presented waveforms were shown for the following cases:
the current interruption was performed by the standalone switch (Figure 6.9a and
Figure 6.9b),
the current interruption was performed during the hybrid switching, when the
interrupted current is commutes into the semiconductor branch as the current ig
connected in parallel to the operated switch (Figure 6.9c and Figure 6.9d).

The contacts of the operated switch were separated at the same phase angle (35°) of the current
period in both considered cases to compare both situations.
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Figure 6.9. Measured electric arc voltages during the current interruption:
a, b) the standalone operated switch, c, d) the hybrid switching

As shown in Figure 6.9b and in Figure 6.9d, a double rise of the arcing voltage us in the first
stage of the formation of the electric arc is related to the type of the applied switch to the
current interruption (the double break contact system, see Figure 6.3). In the first stage of
contact separation, creating of the bridge can be observed at time tg, according to the
description presented in the section 5.1. The electric arc is quenched in the two arc-quenching
chambers of the operated switch (see the section 6.1.4 for details). However, in practice, the
electric arc is firstly ignited in one of the two arc-quenching chambers, which causes an
increase of arcing voltage us at to up to about 10 V. After about next 25 s, the electric arc
starts to burn also in the second arc-quenching chamber, which causes another increase of the
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arcing voltage us up to about 20 V. Thus, the two-step voltage rise in the arcing voltage us is
caused by the non simultaneous movement of the moveable contact in the both arc-quenching
chambers.

As shown in Figure 6.9a and in Figure 6.9b, during the current interruption performed by the
standalone operated switch, the arcing voltage us appears before 1 ms, and starts to increase
from about 12 V to 120 V just before the current zero-crossing is (at about 8" millisecond),
which takes over 7 ms. Such a long the arcing time has the negative influence on the condition
of the contact surfaces. The significant reduction of the arcing time is provided during the
hybrid switching, which can be observed in Figure 6.9c and in Figure 6.9d. Similarly to the
situation shown in Figure 6.9a and in Figure 6.9, the electric arc starts to burn before 820™ ps.
When the value of the arcing voltage us exceeds 18 V, the current is starts to commutate into
the semiconductor branch, which causes the electric arc to quench totally. Thus, as a
consequence, the voltage measured across the entire switch us decreases to the value of the
on-state voltage of the SSR occurring across the entire switch, when the current ig flows
through the SSR. As it can be observed in Figure 6.9c, at about 9" ms, the current reaches the
minimal holding current of the applied SSR, so as a consequence, the current ig stops flowing
in the tested electric circuit. As shown in Figure 6.9a, the current ig achieves its zero-crossing
earlier about 1 ms in comparison to the situation presented in Figure 6.9c. This is caused by
an existence of the electric arc resistance in the interrupted circuit. The electric arc resistance
is higher in comparison to the resistance of the SSR, moreover, the electric arc resistance
tends to the infinity faster, which is also reflected in shorter arcing time. The detailed analyses
of the electric arc resistance, as well as, the resistance of the SSR during current interruption
processes are presented respectively in the section 7.4 and in the section 8.4 for the tested
circuit supplied by the 12 V and by the 230 V voltage source.

The zoomed waveforms of the arcing voltage us and the measured currents during the hybrid
switching, when the current is is commutated into the external branch as the current ig are
presented in Figure 6.10.
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Figure 6.10. Waveforms measured during the current commutation (the contact separation
was performed at 35° of the current period): is ns 3s- — the current of the operated switch;
is_ns_3s° — the current of the semiconductor branch;

Us_ns_ss° — the voltage measured across the entire switch
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6.5

As shown in Figure 6.10, the two main stages of the commutation process can be
distinguished. The contacts of the operated switch S open at the time to, whereby the electric
arc starts to burn between the contacts. The arcing voltage us reaches initially about 10 V,
however, this value is lower than the minimal operational voltage of the applied SSR, whereby
the current commutation into the semiconductor branch is not yet possible. After the next
25 ps, the arcing voltage us increases rapidly at the time toa up to the minimal operational
voltage of the applied SSR (= 20 V), so as a consequence, the current is starts to commute
into the parallel branch as the current is and the arcing voltage us decreases.

From the time toa, the current is starts to commute into the semiconductor branch just as the
current ig (the current of the switch decreases, and the current of the semiconductor increases).
This process takes about 20 s, up to the time tos, when the semiconductor branch takes over
the entire interrupting current. From the time tog, the voltage us between the contacts of the
operated switch S achieves the on-state voltage of the semiconductor branch, and the entire
current flows only through the semiconductor branch. The current ig stops flowing in the
semiconductor branch, when its value reaches the minimal holding current of the
semiconductor branch, near the natural current zero-crossing.

In order to perform the investigations on the hybrid switching, the Solid State Relay (SSR)
was applied as the semiconductor branch connected in parallel to the operated switch for the
following reasons:

the SSR allows to perform the current interruption both in positive, as well as,
negative the half-wave of the current,

the SSR provides a full galvanic isolation between the main circuit and the control
circuit, which prevents possible damages of the microcontroller system due to
overvoltages in the tested circuit,

the SSR provides also switching overvoltage protection in the form of the application
of the additional RC suppressor and the MOV elements integrated inside of the SSR.

The basic criteria for selecting SSR to perform researches on limitation of electric arc energy
in hybrid switch, were based on the voltage and the current ratings. Thus, the SSR should
meet the requirements comparable to the ratings of the operated switch. The electrical
parameters of the SSR that was selected to perform experiments are listed in the section 6.7.4.

Observations of the Electric Arc Performed by the High Speed Camera

In order to investigate electric arc formulation in examined LV switch, registration of contact
system of the operated switch during current interruption was conducted by means of the High
Speed Camera. The registrations of a formulation of the electric arc were conducted in the
situation, when the contacts of the operated switch start to separate at 35° of the current period,
and the tested circuit was supplied by the 230 V voltage source. These conditions were
selected in order to expect the greater electric arc energy.

Registered frames are presented in the chapter 10, for the two analyzed situations: both for
the current interrupted by the standalone switch, as well as, for the same switch equipped with
the hybrid switching.

The contact system of the operated switch was registered during the current interruption
process. For this purpose, High Speed Camera AOS Technologies, type AG Q-MIZE was
used.

The key features of the used camera are listed below [9]:

1300x1060 Pixel image resolution up to 1000 fps,
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900x700 Pixel image resolution up to 2000 fps,

3 MPixel image resolution up to 500 fps,

Super-compact, fits into tight spaces,

Re-chargeable battery built in for true mobile applications and data backup,
Gigabit Ethernet interface,

Auto Exposure control.

Electric arc observation was performed with 400x296 resolution, velocity registration was
250 fps (frames were registered with resolution of 250 ps).

To perform the researches, a sidewall of the housing of the operated switch was removed. For
this reason, the contact system of the operated switch could be visible. In order to ensure the
safety during the experiments, the removed sidewall was replaced by a piece of transparent
plexiglass. The view of the switch used for the experiments was presented in Figure 6.11.

a) b)

Figure 6.11. The modification of the switch introduced to perform the observations of the
electric arc formulation (a); the contact system of the operated switch (b)

A simplified circuit diagram showing the control of the High Speed Camera during the
researches is presented in Figure 6.12.
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Figure 6.12. A simplified circuit diagram showing the control of the High Speed Camera
during the researches

As shown in Figure 6.12, the High Speed Camera was triggered to record by means of the
additional switch Scam, which was closed just before the current interruption (the camera was
triggered to record by the falling slope). The switch Scam was controlled by the
microcontroller device, as shown in Figure 6.12. The High Speed Camera was connected to
the computer by the Gigabit Ethernet interface.
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6.6 Evaluation of the Electric Arc Erosion

The overall plan of the researches performed on the limitation of the electric arc erosion is
presented in the section 6.1.3. According to this, the application of the hybrid switching was
determined as the most effective method for the limitation of the electric arc energy among
all of the considered methods.

The researches on the influence of the selected method on the limitation of the electric erosion
created in the surfaces of the contacts of the operated switch were performed as a function of
the current interruptions. The measurements were performed for the four different switches
of this same type. For this purpose, 200 000 cycles of current interruptions were conducted in
the tested circuit totally. The researches were performed according to the following plan:

1. 100 000 cycles of the current interruptions were performed by the two standalone
switches (50 000 cycles of the current interruptions were performed by the each
analyzed switch).

2. 100 000 cycles of the current interruptions were performed by the two switches installed
in the tested circuit with the hybrid switching method applied (in this case, also 50 000
cycles of the current interruptions were performed by the each analyzed switch).

In both analyzed cases, the switching operations were performed every 3 s. The experiments
were performed at the High Voltage Laboratory localized at the AGH University of the
Science and Technology in the similar environment conditions during all of the tests. The
switching cycles were conducted for a few hours per each day, up to the time, when the
operated switch performed 50 000 cycles of the current interruptions in total.

The researches were performed for two switches in both analyzed cases, to verify a similarity
of the degree of the arc erosion in both investigated switches. The simplified contact system
with donated investigated contacts is illustrated in Figure 6.13 (based on Figure 6.3,
respectively, the fixed contacts are marked as #1 and #3, and the moveable contact as #2).

Fixed contact (#2) Fixed contact (#3)

Figure 6.13. The simplified contact system of the operated switch: 1. The electric arc;
2. The electrical contacts; 3. The area of the arc-quenching chambers. The fixed contacts
are marked respectively as #2 (the cathode) and #3 (the anode),
and the moveable contact as #1.

According to the description presented in the section 6.1.3, the researches were performed for
two switches in the both analyzed cases, to verify a similarity of the degree of the arc erosion
in the both analyzed switches. Because of higher electric arc energy value, the researches were
performed in the tested circuit supplied by the 230 V the voltage source to highlight the
effectiveness of the applied method for the limitation of the electric arc. During the performed
measurements, the contacts of the operated switches were separated at 35° of the current
period, in order to expect the largest electric arc energy in comparison to later time slots.

The contact separation was being performed always at 35° of the current period at the positive
half-wave, which allows to perform the current interruption for the oriented anode (the fixed
contact #2) and the cathode (the fixed contact #3) constantly.
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A comparison of the surface conditions of the analyzed contacts taken from the new switch
and the tested switch was performed by means of the following devices:
a photo camera,
an optical microscope,
a roughness tester,
a Scanning Electron Microscope (SEM) coupled with an Energy Dispersive
Spectroscopy (EDS).

A detailed description of the performed researches on the limitation of the electric arc erosion
is presented in the sections 6.6.1-6.6.4.

6.6.1 Electrical Setup Used to Perform the Investigations on the Limitation of
Electric Arc Erosion

The researches on the limitation of electric arc erosion were performed in the tested circuit,
its simplified electrical circuit diagram presented in Figure 6.14.
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Figure 6.14. A simplified electrical circuit diagram
of the tested circuit with the marked currents

According to Figure 6.14, the switch S is the tested object, so the current interruption in the
tested circuit is realized only through the switch Si. At this time, the switch S; is always closed,
and its function is only making the current is in the tested circuit, when the switch S; is closed.
The switch S; was applied only to the total elimination of the electric arc created from
bouncing the contacts during closing the switch Si. For this reason, the contacts of the tested
switch S; close always in dry-contact conditions. The created arc erosion in the surfaces of
the analyzed contacts is related only to formulating the electric arc during the current
interruption. The current is interrupted in the tested circuit according to the hybrid switching
sequence described in the section 6.5. Similarly to the previous description, the thyristor T
presented in Figure 6.14 was shown only to simplify the Figure, and its function is realized
by the applied SSR in practice. The detailed sequence of the hybrid switching is presented in
the section 6.5.

The researches on the limitation of the electric arc erosion were performed for the both
analyzed approaches: both for the current interrupted by the standalone switch, as well as, for
the same switch equipped with the hybrid switching.

6.6.2 Visual Comparison of the Condition of the Analyzed Contacts

In order to compare a visual condition of the analyzed contacts, entire surfaces of the electrical
contacts were photographed by means of the photo camera. Pictures of the new contact taken
from the new switch were also presented to compare the differences in the condition of the
analyzed contact surfaces taken from the switches after the tests (when the current was
interrupted by the standalone switch, as well as, when the current was interrupted by the
switch with the hybrid method implemented). All contacts taken from all of the tested
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switches were investigated according to Figure 6.13 (respectively, the fixed contacts are
marked as #1 and #3, and the moveable contact as #2). The sets of the taken pictures are
presented in the section 11.1.

In order to perform more accurate observations of the contact surfaces (to show cracking
microstructure, deformations, and discoloration of surfaces), the microstructure of the contact
surfaces was also observed by means of the optical microscope. For this purpose, areas
localized close to a left edge of the contacts were selected to the analysis (marked in Figure
6.15 as the white circle).

Figure 6.15. The selected area to perform the detailed observations
of the microstructure of the contact surface marked as the white circle

The selected part of the contact surface (according to Figure 6.15), was chosen to perform the
observations due to noticeably greater damages in comparison to the other part of observed
contact surface. The microscope observations were performed for the new contact, the contact
taken from the standalone switch, as well as, for the contact taken from the switch interrupting
the current in the hybrid switching system. The observation results are presented in the
section 11.2.

6.6.3 Roughness Profiles of the Surfaces of the Analyzed Contacts

In order to compare the condition of the analyzed contacts, roughness profiles of the surface
of the analyzed contacts were measured. Measurements were performed for all of the tested
contacts, however, only three selected roughness profiles were presented in the thesis, due to
a good repeatability of the measurement results. The following selected parameters describing
the roughness profile were selected to analyze:

the average roughness Ra,
the ten point average roughness R,
the maximum roughness height within a sample length Rpax.

Detailed description of parameters describing roughness profile is presented in the section 5.
Measured parameters were presented and compared to indicate differences in the condition of
the observed surfaces of the analyzed contacts.

The measurements were performed by means of the ESA RUGOSURF Roughness Tester
90G.

The key features of the used Roughness Tester are listed below [144]:

measures roughness parameters according to 1SO 4287, 12085 (CNOMO), 13565,
DIN 4776, JIS B0601:2001 and ASME B46-2002,

tactile TFT color display with size to 3,5",

three function keys,

graphical interface,

direct displaying of all measured values and computed profiles,

measuring span to 50 mm/2 in (X-axis) or 1000 um/39370 p in (Z-axis),
interchangeable probe, with or without contact skid,

possible input of tolerances,

USB digital output for data transfer to a PC running TESA Measurement Studio (this
software is available as an option),
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measures up to 90 mm vertically without the need for a special support,
profile measurement up to 2 mm (optional accessory).

The roughness profiles were measured across a coaxial line of the contacts (for a distance of
3 mm), with an initial point as close as possible to the left edge of the analyzed contact,
according to Figure 6.16.

Figure 6.16. The white line of the contacts that was selected
to perform the researches on roughness profiles of the contacts surfaces

Similarly to the visual observations, the localization of the axial line across the contact surface
was selected to the observations due to noticeably greater damages in comparison to the other
part of contact surface. The roughness profiles with their parameters were measured for the
selected new contact, the contact taken from the standalone switch, as well as, for the contact
taken from the switch interrupting current in the hybrid switching system. The observation
results are presented in section 11.3.

6.6.4 SEM method coupled with the EDS

The Scanning Electron Microscope (SEM) coupled with the Energy Dispersive Spectroscopy
(EDS) was applied to perform the more accurate observations of the microstructure of
surfaces of the analyzed contacts together with the analysis of their chemical composition.
The measurements were performed at the AGH University of Science and Technology
(Faculty of Materials Science and Ceramics, Department of Silicate Chemistry and
Macromolecular Compounds).

The SEM method was applied with a greater magnification in comparison to the observations
performed by means of the optical microscope. This was applied to perform more accurate
researches on the conditions of analyzed surfaces.

The EDS technique is able to provide information about a quantitative atomic concentration
in a damaged metal part. Therefore, the application of this method allowed to determine a
percentage share of chemical elements on the tested surfaces, which is helpful to indicate the
quantitative influence of the hybrid switching on the improving the condition of the
investigated contact surfaces.

Thus, the application of the Scanning Electron Microscope (SEM) coupled with the Energy
Dispersive Spectroscopy (EDS) allows to perform both the quantitative, as well as, the
qualitative analysis of the degree of the electric arc erosion. Similarly to methods presented
previously in the sections 6.6.1-6.6.3, the measurements were performed for all of the tested
contacts. However, only three selected roughness profiles were presented in the thesis, due to
a good repeatability of the measurement results.

In order to perform the researches, the Nova NanoSEM 200 device was used. The following
parameters of the device were set during the measurements:

the accelerating voltage: 18 kV

the working distance (the distance the underside of the objective lens to the specimen
surface): 7.3 mm

the magnitude: 350x

the used detector: Low Vacuum Detector

the probe current (the total amount of current to be irradiated on the specimen): 4.0 A
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the sample surface that is observed in the image (HFW): 568 um

The detailed description of the SEM method coupled with the EDS method is presented in the
section 5. The measurement results are presented in the section 11.4.

6.7 Laboratory Stand Developed to Perform Experiments

The technical details and the description of the laboratory stand used to perform the researches
in frame of the thesis is presented in this section.

6.7.1 Characteristic of the Laboratory Stand

The developed laboratory stand provides the possibility to perform the researches on the
limitation of the electric arc, as well as, the limitation of the electric arc erosion in LV
switches, according to the description presented in the previous part of this chapter. In order
to perform the researches, the following requirements for the functionality of the laboratory
stand have to be met:
performing the contact separation of the operated switch at the defined angle of the
current period,
the possibility of the connection of the additional branches in parallel to the operated
switch,
the possibility for the implementation of the hybrid switching sequence into the
operated switch, according to the description presented in the section 6.4,
the possibility to measure the current and the voltage waveforms during the transient
states to determine the electric arc energy, as well as, the energy absorbed by the
connected parallel branch into the operated switch,
the safe interface for the user,
additional protections to interrupt the researches immediately, when the welding
contacts of the operated switch is detected, or when the temperature rise in the
inductive load is close the dangerous value.

The listed above-mentioned assumptions were defined based on the description of the
researches presented in the sections 6.1-6.6. A general circuit diagram of the developed
laboratory stand including the entire required equipment is presented in Figure 6.17 in a
simplified form (see the section 6.7.2 for more details).
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Figure 6.17. The general circuit diagram of the laboratory stand.
The basic electrical parameters: Us=12Vor230V,R=12Q, L =29.8 mH
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All components installed in the laboratory stand are listed and described below (according to
the remarks presented in Figure 6.17):

the microcontroller system (UC) applied to the precise control of the switching
sequence in the tested circuit during the current interruption. The detailed parameters
of the cycles of the current interruption (such as: the number of the switching
operations to performing, the time of the contact separation, the time to give
triggering pulse to the semiconductor branch, the duration time of the pulse, the time
duration for the open-state and the close-state of the operated switch, etc.) could be
introduced into the device by means a special user interface with a LCD display (see
Figure 6.18d). The detailed description of the microcontroller system is presented in
the section 6.7.2.

the operated switch S applied as the tested object with the drive controlled by the
microcontroller system (the detailed technical ratings of the operated switch used to
perform the tests is presented in the section 6.7.3),

the inductive air-core coil (L =29.8 mH) with the slight winding resistance
(R =1.2 Q) used in the tested circuit as the load,

the voltage source Ups (12 Vrms Or 230 Vrms) supplied the tested circuit. The
maximum value current is limited by the additional protection up to 32 Arwms due to
the safety reasons. During the measurements performed at 230 VV of the supply
voltage, the tested circuit was supplied directly from the electrical network 230 V. In
order to transform the voltage at 12 V, a small toroidal transformer was used. The
inductance of the secondary winding of the applied toroidal transformer was
measured (it is about 14 pH). Due to the small value of the measured inductance
(significantly less in comparison to the inductance of the applied coil as the load), its
value was omitted in the specification of the electrical parameters of the tested circuit
supplied by the 12 V voltage source,

the different optional branches that could be connected in parallel to the operated
switch. The detailed description is presented in the previous part of this chapter,

the current probes A; and A; applied to measure respectively: the current is of the
operated switch S and the current ig of the branch connected in parallel to the operated
switch. The measurements were performed by means the Tektronix TCP 0150 current
probes,

the voltage probe V applied to measure the entire voltage across the operated switch
during the current interruption. The measurements were realized by the Tektronix
P5210A differential voltage probe,

the digital oscilloscope used to the acquisition of measured data. For this purpose,
the Tektronix DPO 4054 was used,

the additional switch used to trigger the High Speed Camera for the registration of
the contact system of the operated switch in slow-motion. The switch is also
controlled by means of the microcontroller system.

To provide the safe environment during the tests, the laboratory stand was equipped with the
following protections and additional equipment:

the Residual Current Device (RCD) Al = 30 mA,

the overcurrent protections (the protection with the C40 characteristic was applied in
the power circuit and the protection with the B6 characteristic was applied in the
control circuit),

the thermal protection (the current is interrupted by the additional safety switch, when
the temperature rise inside of the inductive air-coil is greater than 180°C),
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the protection against welding the contacts (the current is interrupted by the additional
safety switch, when the current flows continuously in the tested circuit longer than
15s),

the fan forcing the air flow inside of the winding of the coil in the case, when an
increase of the temperature could achieve the dangerous value,

the grounded electromagnetic shield placed around the air-core coil, that provides the
protection for the user against the influence of the electromagnetic field generated
around the air-core coil,

the overvoltage protections installed in the control circuit, as well as, in the power
circuit to protect the entire electrical equipment installed in the laboratory stand
against the voltage surge.

The overall view of the laboratory stand, the view of the control panel, as well as, the view of
the panel with the operated switch are presented in Figure 6.18.

D o )
Figure 6.18. The laboratory stand: a) the overall view; b) the control panel; c) the panel
with the operated switch (marked as P19); d) the LCD user interface with buttons

The inductive air-core used as load to perform researches is presented in Figure 6.19.

85



Figure 6.19. The inductive air-core load used to perform the researches

As shown in Figure 6.19, the inductive air-core is equipped with six taps of the winding to
provide a six values of inductance, however, in presented researches, only 1 tap was used
(L=298mH,R=12Q).

6.7.2 Microcontroller System

The microcontroller system (UC) was applied to the precise control of the switching sequence
in the tested circuit during the current interruption. The system is based on the ATmega1284-
AU microcontroller. The microcontroller system uses a 1 analogous input channel to measure
the current flowing in the analyzed circuit and 4 output channels dedicated to control the
operated switch, as well as, to control the optional equipment that could be used to extend the
functionality of the measurement stand (such as: the applied SSR in the hybrid switch, the
additional switch S, presented in Figure 6.14 and the switch S, used to trigger the High Speed
Camera, according to Figure 6.17). The detailed parameters of the cycles of the current
interruption (such as: the number of the switching operations to performing, the time of the
contact separation, the time to give triggering pulse to the semiconductor branch, the duration
time of the pulse, the time duration for the open-state and the close-state of the operated
switch, etc.) could be introduced into the device by means of a special user interface with a
LCD display (see Figure 6.18b). The general block diagram of the microcontroller device is
presented in Figure 6.20.

4. User
interface

to define the delay times
and the contact separation time

to control N to detect X
i . the zero-crossing curren
2hOUtp'|Jt the tested switch and the SSR| g \riceo oo g 1. Analog
channels | unit input
I
@
¥ .
Su expansion slots
a8 (not used)
o &
<= 3
>0
s
o
sup%lponv;lgéule 6. SPI 7. UART
y interface interfaces

Figure 6.20. The general block diagram of the microcontroller device
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As show in Figure 6.20, the device consists of the following major components:

1.

bl

the analog voltage terminal, which is connected to the internal A-D converter of the
microprocessor. The terminal was used to measure voltage signal provided by the
current probe, which was applied to measure the instantaneous value of the current
flowing in the circuit. Based on this information, the algorithm implemented into the
microcontroller is able to detect the current zero-crossing in the tested circuit,

the four output channels applied to control external switches. The applied power
transistors allow to control external circuit up to 500 V and 21 A (in practice, these
channels control the coils of the operated switches at 24 V),

the microprocessor unit (ATmegal284-AU),

the two terminals applied to control the user interface (the LCD and the buttons, see
Figure 6.18b),

the power supply module, which allows to supply the device both by the 24 V power
supply, as well as, by the 9 V battery,

the SPI interface (used only to program the microprocessor),

the two UART interfaces, which finally were not used during the researches. These
slots were predicted for extension of the device functionality (e.g. to apply the wireless
control or to connect the additional sensors).

A view of the microcontroller device used to perform the researches with the major
components marked was presented in Figure 6.21.

o LED1
L R2c " R

6ND ,wccCS . [R17
() @ (5= .

Figure 6.21. The view of the microcontroller device used to perform the researches.
The marks were introduced according to Figure 6.20 and the previous description

The detailed electrical diagram showing the connections between the device and other
components of the laboratory stand was presented in the section 6.7.3.

6.7.3 Detailed Electrical Diagram of the Laboratory Stand

The detailed electrical schema of the developed laboratory stand used to the performed
research is presented in Figure 6.22.
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Figure 6.22. The detailed circuit diagram of the laboratory stand
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6.7.4 Detailed Technical Data of the Operated Switch

Detailed parameters and utilization characteristics of the switch used to perform researches as
the operated switch are listed in Table 6.4.

Table 6.4. The characteristic of the switch according to the IEC 60947-1 standard

Rated operational voltage 690 V
Rated frequency limits 25-400 Hz
Conventional free-air thermal current I 50 A
according to IEC 60947-4-1, open contactors, 6 < 40°C

with conductor cross-sectional area 10 mm?

AC-1 Utilization category
for air temperature close to contactor

le/AC-1 rated operational current 0 <40°C 50 A

Ue max.<690 V; 50/60 Hz 0 < 60°Q 42 A
0<70°Q 37 A

with conductor cross-sectional area 10 mm?

AC-3 Utilization category

for air temperature close to contactor 6 <60°C
(for 150 r.p.m., 50 Hz or 1800 r.p.m., 60 Hz, 3-phase motors)

le/AC-3 max. rated operational current | 220-240 M 33 A
3-phase motor 380-400 M 32 A
440\ 32 A
690 V 21 A
le/AC-3 max. rated operational current | 220-240 \ 9 kW
1288 R gg :; 380-400 V/ 15 kw
ST 415 \] 15 kW
440 \| 18.5 kW
500 V| 18.5 kw
690 | 18.5 kW
Rated making capacity AC-3 10 x le AC-33
according to IEC 60947-4-1
Rated breaking capacity AC-3 8 x le AC-33

according to IEC 60947-4-1

AC-8a utilization category
(without thermal overload relay — Uc = 400 V; 6 < 40°C)

le/AC-8a rated operational current 40 A
AC-8a rated operational current 20 kW
Short-circuit protection for contractors 63 A

without thermal O/L relay — motor protection excluded
Ue <500V AC - gG type fuse

Rated short-time withstand current lcw 19700 A
At 40°C ambient temperature, in free air from a cold state 109 350 A
30§ 225 A
1 min 150 A
15 min 50 A
Maximum breaking capacity at 440 | 500 A
€05 9 =045 at 690 | 200 A
Heat dissipation per pole le/AC-1 2.4 W
le/AC-3 0.9 W
Max. electrical switching frequency AC-1 600 cycles/h
AC-3 1200 cycles/h
AC-2 150 cycles/h
AC-4
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Detailed dimensions of the analyzed contacts of the operated switch are presented in Figure

6.23.
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Figure 6.23. The detailed dimensions of the analyzed contacts

6.7.5 Detailed Technical Data of the SSR used to the hybrid application

The electrical parameters of the Solid State Relay, which was used to the researches on the

hybrid switching are listed in Table 6.5.

Table 6.5. Electrical parameters of the semiconductor contactor

Output circuit

Switching element thyristor
Rated operation voltage Ve 44-660 V AC
Period peak inverse voltage (Vpeak) 1200 Vpp
Rated operation current at Ta=25°C | AC-51 30 AAC

AC-53a 15 AAC
Operating frequency 45-65 Hz
Max. off-state leakage current (at Vmax and T = 25°C) < 3 MARrwms
Minimum load current 150 mA
Max. surge current Itsm (t = 10 ms) 400 A
Max. overcurrent (t =15s) <125 A AC
Max. load integral [i’dt (t = 10 ms) 1800 A%
Conducting state voltage at Imax and T = 25°C (Vpeak) 16 A
Critical gradient di/dt > 100A/us
Permissible commutating voltage gradient du/dt 500 V/us
Permissible static voltage gradient du/dt 500 V/ps

Input circuit

Rated control circuit voltage 4-32V DC
Make voltage 4.25V DC
Inverse voltage 32VvDC
Break voltage 1VvDC
Input current (at Vmax) 15 mA
Turn-on time (max.) 1 period
Turn-off time (max) 1 period
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7.1

Measurement Results for the Limitation of the
Electric Arcat 12V

This chapter presents the measurement results of the performed researches on the limitation
of the electric arc. The experiments were performed in the tested circuit supplied by the 12 VV
voltage source. The measurements presented inhere were performed according to the detailed
description presented in the section 6, for the following scenarios of the researches:

performing the contact separation of the operated switch at the defined angle of the
current period (the detailed description is presented in the section 6.2),

the connection of the external passive branches in parallel to the operated switch (the
detailed description is presented in the section 6.3),

the application of the hybrid switching (the detailed description is presented in the
section 6.4).

The measurement results for the above-mentioned cases are presented respectively in the
sections 7.1-7.3. The waveforms of the following magnitudes are presented in this chapter:
the measured current, the measured voltage across the entire switch, the calculated electric
arc powers, the calculated electric arc energies, the calculated powers generated at external
branches connected in parallel to the operated switch, as well as, the calculated energies
absorbed by the external branches. The calculations of the electric powers and the energies
were performed according to the description presented in the section 6.1.

Time-Controlled Contact Separation at the Precise Time Slot of the
Current Period

The results of the researches on the limitation of the electric arc energy performed by the
application of the time-controlled contact separation are presented in this section. The
measurements were conducted according to the description presented in the section 6.2. In
order to perform the researches, the contact separation was performed at four different angles
of the current period, respectively: at 35°, at 90° and at 145°, as well as, just before the natural
current zero-crossing (as close as possible due to the dispersion of the mechanical inertia of
the switch drive — in practice, the contacts of the operated switch were separated tens of
microseconds before the expected current zero-crossing).

The following magnitudes summarizing the measurements are listed in Table 7.1:

the electric arc times tarc,

the maximum observed value of the TRV during the current interruption Utrv max,
the maximum arcing voltage value Uarc_max,

the maximum value of the power of the electric arc Pmax (calculated according to the
description presented in the section 6.1),

the maximum value of the electric arc energy Ear (calculated according to the
description presented in the section 6.1).
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Table 7.1. The measurement results for the considered times of the contact separation — the
tested circuit supplied by the 12 V voltage source

The tlrsneepg.:;.lsizrﬁonta(:t tarc UTRV_max Uarc_max Pmax Earc
[degrees] [us] (W] |[mJ]

Just before 0 53 293 15 11 | 01

35 839 571 100 40 25

90 1080 848 130 64 51

145 575 714 30 34 15

As shown in Table 7.1, the electric arc energy is the smallest (even less than 1 mJ) when the
contacts of the operated switch start to separate just before the current zero-crossing, whereas
the higher value of energy (51 mJ) is observed in the situation, when the contacts are separated
at the current extreme. The electric arc energy are comparable when the contacts of the
operated switch start to separate at 35° of the current period, as well as, at 145° of the current
period (respectively, the electric arc energy is equal 25 mJ and 15 mJ).

The similar trend is also observed for the measured arcing times that are also listed in Table
7.1. The shortest arcing time is observed when the contacts of the operated switch start to
separate just before the natural current zero-crossing, whereas, the longest arcing time is
noticeable in the situation, when the contacts open during the current extreme.

The measured voltages across the operated switch us during the contact separation performed
at the considered times are presented in Figure 7.1. The zoomed waveforms of the arcing
voltage are presented respectively in Figure 7.5a — Figure 7.8a.
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V] Us_35°
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= 300 >0 I - — at 35° of the current period
% 100 ¢ 0 X — at 90° of the current period
= : — at 145° of the current period
> -100 I “ I

-300 t

[y Us_{45°
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-700
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Figure 7.1. The voltages measured across the operated switch for the different times
of the contact separation (to — the contact separation time)

As shown in Figure 7.1, as well as, in the zoomed waveforms presented respectively in Figure
7.5a — Figure 7.8a, the maximum values of the arcing voltage depends on the considered time
of the contact separation (see also Table 7.1 for details).

In the case, when the contacts of the operated switch start to separate just before the natural
current zero-crossing, the arcing voltage us_ - does not exceed even 20 V. In opposite to this
situation, when the contacts are separated at the current extremum, the arcing voltage Us oo
reaches over 130 V (the arcing voltage is over 8 times greater than the maximum peak of the
supply voltage during the steady state).

In the cases, when the contacts of the operated switch are separated at 35° of the current
period, the electric arc voltage us ss achieves 100 V, whereas when the contacts of the
operated switch are separated at 145° of the current period, the electric arc voltage Us 14s°
achieves 30 V.
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Significant values of the overvoltages are also observed in the TRV waveform. The maximum
registered peak of the TRV exceeds 840 V, which is the value almost 50 times greater in
comparison to the maximum peak voltage of the supply voltage at the steady state. Such high
values of the observed TRV are caused by the high steepness of the current tending its zero-
crossing, which is described in the next part of this section. The frequency of the TRV
oscillations is related to the electrical parameters of the tested circuit. Thus, the time of the
performed contact separation in relation to the current period does not influence the frequency
of the TRV oscillations.

The measured waveforms of the interrupted current is during the contact separation performed
at the considered times are presented in Figure 7.2. The zoomed current waveforms are
presented respectively in Figure 7.5b — Figure 7.8b.
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Figure 7.2. The measured currents of the operated switch for the different times
of the contact separation (to — the contact separation time)

As shown in Figure 7.2, as well as, in the zoomed waveforms of the interrupted current is
presented respectively in Figure 7.5b — Figure 7.8b, all curves of the measured currents are
strongly deformed and tend to the current zero-crossing very fast (shorter than 1 ms), just after
the contact separation time. As it can be observed in the measured waveforms, a strong
steepness of the current is (over 40 A/ms) appears between the time of the contacts separation
and before the current zero-crossing. Such a high the dis/dt steepness causes significant
switching overvoltages to generate, which can be observed in the arcing voltage, as well as,
in the TRV peaks in Figure 7.1. This phenomenon is related to the weak ionization conditions
of the gas localized between the separated contacts of the operated switch: the relatively small
value of the electric field, as well as, the small instantaneous value of the interrupting current
is, insufficient to achieve the significant temperature rise between the contact surface, which
is necessary to obtain the powerful gas ionization (according to the description presented in
the chapter 3). As a consequence, it leads to create the significant electric arc resistance that
influences the high arcing voltage.

As it can be observed in Figure 7.2, the electric arc is quenched almost immediately when the
contacts of the operated switch are separated just before the natural current zero-crossing. In
opposite to this situation, the electric arc burns the longest, when the contacts start to separate
at the current extremum. The difference in the measured arcing times, for the situations when
the contacts are separated at 35° and at 145° of the current period is less than 300 ps. However,
the arcing time takes longer while the contacts open at the time, when the current increases
just before the contact separation (at 35° of the current period).

The waveforms of the electric arc power calculated for the considered times of the contact
separation are presented in Figure 7.3. The calculations were performed according to the
description presented in the section 6.1.2. The zoomed waveforms of the electric arc power
are presented respectively in Figure 7.5¢ — Figure 7.8c.
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Figure 7.3. The calculated electric arc powers for the different times
of the contact separation (to — the contact separation time)

As shown in Figure 7.3, as well as, in the zoomed waveforms of the electric arc power pa
presented respectively in Figure 7.5¢c — Figure 7.8c, the electric arc power pa_o- appears only
for the short time (less than 60 ps) when the contacts are separated just before the current
zero-crossing. In this case, the power curve is similar in the shape to a single peak whose
value is below 20 W. For other considered cases, the waveforms of the power curves are very
similar in the shape. The greater values of the electric arc power are observed for the cases
when the contacts start to separate respectively at 90°, 35°, 145°, and just before 0° of the
current period. In the calculated waveforms of the electric powers, the oscillations caused by
the TRV can be observed just after the current zero-crossing due the measured negligible
values of the current is, which were caused by the measurement inaccuracy of the applied
current probe.

The waveforms of the electric arc energy calculated for the considered times of the contact
separation are presented in Figure 7.4. The calculations were performed according to the
description presented in the section 6.1.2. The zoomed waveforms of the electric arc energy
ea are presented respectively in Figure 7.5d — Figure 7.8d.
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Figure 7.4. The electric arc energies calculated for the different times
of the contact separation

As shown in Figure 7.4, as well as, in the zoomed waveforms of the electric arc energy
presented respectively in Figure 7.5d — Figure 7.8d, the greater values of the electric arc
power were calculated for the situations when contacts are separated respectively at 90°, at
35°, at 145°, and just before the zero-crossing of the current period.

Thus, it can be concluded that the most favorable conditions for the current interruption occur
in the tested circuit supplied by the 12 V voltage source, when the contacts of the operated
switch start to separate just before the current zero-crossing. Only in this situation, the electric
arc energy is negligible, which can have only slightly influence on creating the arc erosion in
the contact surfaces. The best conditions for the current interruption are precisely at the
current zero-crossing. However, due to the dispersion of the mechanical inertia of the operated
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switch, this situation is very difficult to achieve in the practice. The electric arc energy is the
greatest, when the contacts of the operated switch open during the current extreme of the
interrupted current. In this situation, the electric arc energy is generated in the considerable
amount, which can influence on the significant creation of the electric arc erosion.

The zoomed waveforms of the voltage measured across the switch, the interrupted current,
the electric arc power and the electric arc energy for considered times of the contact separation
are presented in the sections 7.1.1 — 7.1.4. The key instants were marked in waveforms:

to — the time, when the contacts of the operated switch start to separate,
t; — the time, when the electric arc was quenched,

t, — the time, when the steady state voltage appears between the contacts of operated
switch after the end of the TRV.

7.1.1 Contact Separation just before the Natural Zero-Crossing of the Current
Period

In this section, the detailed waveforms are presented for the situation, when the contacts of
the operated switch start to separate just before the natural zero-crossing of the current period.
The detailed waveforms of the measured voltage across the operated switch us o, the
interrupted current is e, the electric arc power pa o, as well as, the electric arc energy ea o
during the contact separation performed just before the natural current zero-crossing of the
current period are presented in Figure 7.5.
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Figure 7.5. Contact separation just before the natural current zero-crossing : the measured
voltage across the operated switch (a), the current of the operated switch (b), the calculated
electric arc power (c), the electric arc energy (d)

7.1.2 Contact Separation at 35° of the Current Period

The detailed waveforms of the measured voltage across the operated switch us ss;, the
interrupted current is_ss., the electric arc power pa_sse, as well as, the electric arc energy ea_sse,
when the contacts of the operated switch start to separate at 35° of the current period are
presented in Figure 7.6.
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Figure 7.6. Contact separation at 35° of the current period: the measured voltage across
the operated switch (a), the current of the operated switch (b), the calculated electric arc
power (c), the electric arc energy (d)

7.1.3 Contact Separation at 90° of the Current Period

The detailed waveforms for the situation, when the contacts of the operated switch start to
separate at 90° of the current period are presented in Figure 7.7.
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Figure 7.7. Contact separation at 90° of the current period: the measured voltage across
the operated switch (a), the current of the operated switch (b), the calculated electric arc
power (c), the electric arc energy (d)
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7.1.4 Contact Separation at 145° of the Current Period

The detailed waveforms of the measured voltage across the operated switch us 14se, the
interrupted current is 1450, the electric arc power pa 14, as well as, the electric arc energy
ea_145e, When the contacts of the operated switch start to separate at 145° of the current period
are presented in Figure 7.8.
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Figure 7.8. Contact separation at 145° of the current period: the measured voltage across
the operated switch (a), the current of the operated switch (b), the calculated electric arc

power (c), the electric arc energy (d)

7.2 Connection of the Passive Branches in Parallel to the Operated Switch

In this section, the measurement results are presented for limiting the electric arc energy by
means of the connection of the different passive branches in parallel to the operated switch.
In order to perform the researches, the following branches were connected in parallel to the
operated switch:

RC arc suppressor,
Voltage-Dependent Resistor (VDR),
Transient Voltage Suppressor (TVS),
Zener Voltage Limiter (ZVL).

The researches were performed in the tested circuit supplied by the 12 V voltage source for
the situation, when the contacts of the operated switch start to separate at 90° of the current
period. This case was chosen to the researches due to the greater value of the electric arc
energy, based on the measurement results presented in the section 7.1.

Thus, the effectiveness of the limitation of the electric arc was investigated in the tested circuit
for the different external branches connected in parallel to the operated switch. The detailed
description of the research plan was presented in the section 6.2.
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In the course of the measurements, the following magnitudes were measured: the voltage
across the operated switch us, the current of the operated switch is and the current commuted
into the external branch during the current interruption is. Based on these magnitudes, the
following waveforms were calculated and presented in this section: the electric arc power ea,
the electric arc energy es, the power generated at the parallel branches ps and the energy
absorbed by the parallel branches es. The above-mentioned waveforms are presented in this
section for each considered method limiting the electric arc.

The key instants were marked in all presented waveforms in this section:

to — the time, when the contacts of the operated switch start to separate and the electric
arc starts to burn,

t; — the time, when the electric arc was quenched,

t, — the time, when the steady state voltage appears between the contacts of operated
switch after the end of the TRV.

7.2.1 RC Arc Suppressor

In order to determine the influence of the RC suppressor connected in parallel to the operated
switch on the level of the electric arc energy, the researches were performed. For this purpose,
the RC suppressor was connected in parallel to the operated switch according to Figure
presented in Table 6.1 (row 1). The parameters of the RC suppressor are also listed in Table
6.1 (row 1).

A waveform of the current flowing through the operated switch is rc see, @ Waveform of the
current commuted into the parallel branch with the RC suppressor ig rc oo, @5 Well as, a
waveform of the measured voltage across the operated switch during the current interruption
Us_rc_goe are presented in Figure 7.9.
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Figure 7.9. The measured currents (a), the measured voltage across the operated switch (b).
The RC suppressor is connected in parallel to the operated switch

As shown in Figure 7.9, the application of the RC suppressor limits the arcing voltage, the
arcing time, as well as, the overvoltages of the TRV in comparison to the situation, when the
current was interrupted by the standalone switch (Figure 7.7). The measured differences in
the waveforms can be observed in Figure 7.10, where the waveforms of the currents and the
voltages are presented for both analyzed cases.
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— switch current is — voltage across the switch us (Umax = 848 V)
— switch current is_rc — voltage across switch us_rc (Umax = 184 V)
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Figure 7.10. The measured current waveforms (a) and measured voltages across the
operated switch (b) when the operated switch interrupts current as the standalone one, as
well as, when the RC suppressor is connected in parallel to the operated switch

As shown in Figure 7.10a, the connection of the RC suppressor in parallel to the operated
switch changes the shape of the current is oo Waveform. The small oscillations related to
arcing voltage are reflected in the interrupting current is rc_ae, and the current of the operated
switch is rc oo IS chopped just before its current zero-crossing. When the operated switch
interrupts the current is o as the standalone one, the maximum arcing voltage reaches over
130 V. The connection of the parallel RC suppressor causes limitation of the electric arc
voltage up to about 75 V (about 42%), and the peak value of the TRV is also limited (from
848 V to 184 V, thus over 4 times), which can be observed in Figure 7.10b. Connecting the
RC suppressor in parallel to the operated switch causes also a decrease of the frequency of
the TRV oscillations. This is caused by the presence of the additional capacitance connected
between the contacts of the operated switch. The arcing time is shorter in the situation, when
the RC suppressor is connected to the operated switch (the decrease from 1080 pus to 912 ps
was observed).

In order to determine the influence of the connection of the RC suppressor in parallel to the
operated switch on the limitation of the electric arc, the following waveforms were calculated:
the electric arc power pa_rc_soe, the electric arc energy ea_rc_soe, the power generated at the RC
suppressor ps rc ace, as Well as, the energy absorbed by the RC suppressor eg rc goe. The
waveforms of the above-mentioned magnitudes are presented in Figure 7.11. The calculations
were performed according to the description presented in the section 6.1.2.
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Figure 7.11. The calculated waveforms of the electric arc power, and the power generated at
the RC suppressor (a), the calculated waveforms of the arc energy and the energy absorbed
by the RC suppressor (b) during the current interruption process

As shown in Figure 7.11, connecting the RC suppressor to the operated switch does not
influence peak of the electric arc power pa_rc g (in the base case it is also 64 W). However,
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the application of the RC suppressor impacts the increase of the steepness of the electric arc
power pa_rc oo that tends faster to its zero-crossing. The application of the considered method

impacts the limitation of the electric arc energy ea rc_so (the reduction from 51 mJ to 44 mJ,
about 14%).

7.2.2 Voltage-Dependent Resistor (VDR)

The next examined method applied to the passive limitation of the electric arc is based on the
connection of the Voltage-Dependent Resistor (VDR) in parallel to the operated switch,

according to Figure presented in Table 6.1 (row 2). The parameters of the applied VDR are
also listed in Table 6.1.

A waveform of the current flowing through the operated switch is vor 9o, @ Waveform of the

current commuted into the parallel VDR ig vor 90, as Well as, a waveform of the measured

voltage across the operated switch during the current interruption us vor go° are presented in
Figure 7.12
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Figure 7.12. The measured currents (a), the measured voltage across the operated switch
(b), the VDR is connected in parallel to the operated switch

As shown in Figure 7.12, the application of the VDR limits the arcing voltage, the arcing time,
as well as, the overvoltages of the TRV in comparison to the situation, when the current was
interrupted by the standalone switch (Figure 7.7). The measured differences in the waveforms

can be observed in Figure 7.13, where the waveforms of the currents and the voltages are
presented for both analyzed cases.
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Figure 7.13. The measured current waveforms (a) and measured voltages across the
operated switch (b) when the operated switch interrupts current as standalone one, as well
as, when the VDR is connected in parallel to the operated switch

As shown in Figure 7.13a, the connection of the VDR in parallel to the operated switch
changes the shape of the current is vor _gsoe Waveform significantly. As it can be visible in the
current waveform is vor aoe, the current of the operated switch tends to the zero-crossing with

100



a high steepness below of the value 1.5 A of the interrupted current. When the operated switch
interrupts the current is g0 as the standalone one, the arcing voltage reached over 130 V. The
application of the parallel VDR causes the electric arc voltage to limit up to about 49 V (about
62%), the peak value of the TRV is also limited (from 848 V to 19 V, thus over 44 times).
Connecting the VDR in parallel to the operated switch causes the frequency of the TRV
oscillations to decrease. This could be achieved, because the energy stored in the inductive
load can be discharged through the conducting VDR, which limits the TRV. The arcing time
is shorter in the situation, when the VDR is connected to the operated switch (the decrease
from 1080 ps to 413 ps).

In order to determine the influence of the connection of the VDR in parallel to the operated
switch on the limitation of the electric arc, the following waveforms were calculated: the
electric arc power pa vor goe, the electric arc energy ea vor aoe, the power generated at the VDR
Pe_vor_aoe, aS Well as, the energy absorbed by the VDR eg vor aee. The waveforms of the above-
mentioned magnitudes are presented in Figure 7.14. The calculations were performed
according to the description presented in the section 6.1.2.

— electric arc power (Pmax = 63 W) — electric arc energy (E =20 mJ)
— power generated at the VDR (Pmax = 69 W) — energy absorbed by the VDR (E =31 mJ)
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Figure 7.14. The calculated waveforms of the electric arc power, and the power generated at
the VDR (a), the calculated waveforms of the arc energy and the energy absorbed by the
VDR (b) during the current interruption process

As shown in Figure 7.14, connecting the VDR to the operated switch does not influence on
peak of the electric arc power (in the base case it is also 64 W). However, the application of
the VDR impacts the increase of the steepness of the electric arc power that tends fast to its
zero-crossing. When the arcing voltage exceeds the minimal operating voltage of the VDR,
the current of the operated switch is vor go- rapidly starts to commutate into the VDR branch,
which can be observed in the waveforms presented in Figure 7.14a. The peak value of the
power generated at the VDR branch ps_vpr_soe €xceeds the peak value of the electric arc power
Pa_vor_ace. The application of the considered method impacts the limitation of the electric arc
energy (the reduction from 51 mJ to 20 mJ, about 61%).

7.2.3 Transient Voltage Suppressor (TVS)

Another examined method to passive limitation of the electric arc is the connection of the
Transient Voltage Suppressor (TVS) in parallel in the operated switch according to Figure
presented in Table 6.1 (row 3). The parameters of the applied TVS are also listed in Table
6.1.

A waveform of the current flowing through the operated switch is_tvs_soe, @ waveform of the
current commuted into the parallel TVS ig 1vs o0, as Well as, a waveform of the measured
voltage across the operated switch during the current interruption us vor_go° are presented in
Figure 7.15.
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— switch current is — commutated current is_tvs — voltage us_tvs (Umax = 25 V)
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Figure 7.15. The measured currents (a), the measured voltage across the operated switch
(b). The TVS is connected in parallel to the operated switch

As shown in Figure 7.15, the application of the Transient Voltage Suppressor (TVS) limits
the arcing voltage, the arcing time, as well as, the overvoltages of the TRV in comparison to
the situation, when the current is g0 Was interrupted by the standalone switch (Figure 7.7).
The measured differences in the waveforms can be observed in Figure 7.16, where the
waveforms of the currents and the voltages are presented for the both analyzed cases.
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Figure 7.16. The measured current waveforms (a) and measured voltages across the
operated switch (b) when the operated switch interrupts current as standalone one, as well

as, when the TVS is connected in parallel to the operated switch

As shown in Figure 7.16a, the connection of the TVS in parallel to the operated switch
changes the shape of the current waveform is rvs oo Significantly. As it can be visible in the
current waveform, the current of the operated switch is_tvs_see reaches its zero-crossing almost
immediately after the contact separation. When the operated switch interrupts the current is_goe
as the standalone one, the arcing voltage reaches over 130 V. The application of the parallel
TVS causes to limit the electric arc voltage up to about 25 V (about 80%), the peak value of
the TRV is also limited (from 848 V to 21V, thus over 40 times). Connecting the TVS in
parallel to the operated switch causes the frequency of the TRV oscillations to decrease. This
could be achieved, because the energy stored in the inductive load can be discharged through
the conducting TVS, which limits the TRV. The arcing time is shorter in the situation, when
the TVS is connected to the operated switch (the decrease from 1080 ps to 89 ps).

In order to determine an influence of the connection of the TVS in parallel to the operated
switch on the limitation of the electric arc, the following waveforms were calculated: the
electric arc power pa_tvs_go°, the electric arc energy ea tvs_soe, the power generated at the TVS
Pe_tvs_goe, @S Well as, the energy absorbed by the TVS eg 1vs_soe. The waveforms of the above-
mentioned magnitudes are presented in Figure 7.17. The calculations were performed
according to the description presented in the section 6.1.2.
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— electric arc power (Pmax = 45 W) — electric arc energy (E =3 mJ)
— power generated at the TVS (Pmax =45 W) — energy absorbed by the TVS (E = 45 mJ)
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Figure 7.17. The calculated waveforms of the electric arc power, and the power generated
at the TVS (a), the calculated waveforms of the arc energy and the energy absorbed by the
TVS (b) during the current interruption process

As shown in Figure 7.17, the application of the VDR impacts the increase of the steepness of
the electric arc power pa tvs oo that tends almost immediately to its zero-crossing after the
contact separation. When the arcing voltage exceeds the minimal operating voltage of the
TVS, the current of the operated switch rapidly starts to commutate into the TVS branch,
which can be observed in the waveforms presented in Figure 7.17a. The peak value of the
power generated at the TVS branch ps_tvs oo IS at the same level in comparison to the electric
arc power pa tvs oo The application of the considered method impacts the limitation of the
electric arc energy (the reduction from 51 mJ to 3 mJ, so about 94%).

7.2.4 Zener Voltage Limiter (ZVL)

Another examined method to limit the electric arc is the connection of the Zener Voltage
Limiter (ZVL) in parallel to the operated switch. The applied branch consists of two ZVLs

connected in series, according to Figure presented in Table 6.1 (row 4). The parameters of the
applied ZVLs are also listed in Table 6.1.

A waveform of the current flowing through the operated switch, is 2 oo @ waveform of the
current commuted into the parallel ZVL is zvi_sce, as well as, a waveform of the measured

voltage across the operated switch during the current interruption us zv_goe are presented in
Figure 7.18.
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Figure 7.18. The measured currents (a), the measured voltage across the operated switch
(b). The ZVL is connected in parallel to the operated switch

As shown in Figure 7.18, the application of the Zener Voltage Limiter (ZVL) limits the arcing
voltage, the arcing time, as well as, the overvoltages of the TRV in comparison to the situation,
when the current is o0 Was interrupted by the standalone switch (Figure 7.7). The measured
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differences in the waveforms can be observed in Figure 7.19, where the waveforms of the
currents and the voltages are presented for the both analyzed cases.

— switch current is — voltage across the switch us (Umax = 848 V)
— switch current is_zvL — voltage across switch us_zvi (Umax = 22 V)
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Figure 7.19. The measured current waveforms (a) and measured voltages across the
operated switch (b) when the operated switch interrupts current as the standalone one, as
well as, when the ZVL is connected in parallel to the operated switch

As shown in Figure 7.19a, the connection of the ZVL in parallel to the operated switch
changes the shape of the current waveform is »w_ge° Significantly. As it can be visible in the
current waveform, the current of the operated switch is_zv_go reaches its zero-crossing almost
immediately after the contact separation. When the operated switch interrupts the current is_goe
as the standalone one, the arcing voltage reaches over 130 V. The application of the parallel
ZVL causes the limitation of the electric arc voltage up to about 22 V (about 83%), the peak
value of the TRV is also limited (from 848 V to 19 V, thus over 44 times). Connecting the
ZVL in parallel to the operated switch causes the frequency of the TRV oscillations to
decrease. This could be achieved, because the energy stored in the inductive load can be
discharged through the conducting ZVL, which limits the TRV. The arcing time is shorter in

the situation, when the ZVL is connected to the operated switch (the decrease from 1080 ps
to 55 ps).

In order to determine the influence of the connection of the ZVL in parallel to the operated
switch on the limitation of the electric arc, the following waveforms were calculated: the
electric arc power pa_zvi_soe, the electric arc energy ea_zvi_soe, the power generated at the ZVL
Pe_zv_ooe, S Well as, the energy absorbed by the ZVL eg z2v_goe. The waveforms of the above-
mentioned magnitudes are presented in Figure 7.18. The calculations were performed
according to the description presented in the section 6.1.2.

— electric arc power (Pmax = 32 W) — electric arc energy (E = 1.52 mJ)
— power generated at the ZVL (Pmax = 40 W) — energy absorbed by the ZVL (E = 46 mJ)
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Figure 7.20. The calculated waveforms of the electric arc power, and the power generated
at the ZVL (a), the calculated waveforms of the arc energy and the energy absorbed by the
ZVL (b) during the current interruption process
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7.3

As shown in Figure 7.20, the application of the ZVL impacts the increase of the steepness of
the electric arc power pa_zvi s that tends almost immediately to its zero-crossing after the
contact separation. When the arcing voltage exceeds the minimal operating voltage of the
ZVL, the current of the operated switch is zvi_ooe rapidly starts to commutate into the ZVL
branch, which can be observed in the waveforms presented in Figure 7.20a. The peak value
of the electric arc power pa_zvi_sce is limited in this case (from 64 W for standalone switch to
32 W inhere). The application of the considered method impacts the limitation of the electric
arc energy (the reduction from 51 mJ to about 1.5 mJ, so about 97%).

Hybrid Switching

According to the description presented in the section 6.1.2, the researches on the limitation of
the electric arc were performed for the hybrid switching. This method is based on the
connection of the semiconductor branch in parallel to the operated switch. The semiconductor
branch is fully controlled by the microcontroller system. The detailed description of the hybrid
switching is presented in the section 6.4. The measurements results for researches performed
within this method in the tested circuit supply by the 12 V voltage source are presented in this
section.

A waveform of the current flowing through the operated switch is_ws soe, @ Waveform of the
current commuted into the semiconductor branch ig ns s0e, as well as, a waveform of the
measured voltage across the entire operated switch us_ns g0 With connected the semiconductor
branch during the current interruption are presented in Figure 7.21.
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Figure 7.21. The measured currents (a), the measured voltage across the operated switch
(b) during the hybrid switching

As shown in Figure 7.21, the application of the hybrid switching limits the arcing voltage, the
arcing time, as well as, the overvoltages of the TRV in comparison to the situation, when the
current is_goo Was interrupted by the standalone switch (Figure 7.7). The measured differences
in the waveforms can be observed in Figure 7.22, where the waveforms of the currents and
the voltages are presented for the both analyzed cases.
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— switch current is — voltage across the switch us (Umax = 848 V)
— switch current is_ps — voltage across switch us_xs (Umax = 31 V)
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Figure 7.22. The measured current waveforms (a) and measured voltages across the
operated switch (b) when the operated switch interrupts current as standalone one, and
during the hybrid switching

As shown in Figure 7.22a, the application of the hybrid switching changes the shape of the
current waveform is ns goe Significantly. As it can be visible in the current waveform, the
current of the operated switch is_ws_ g reaches its zero-crossing practically immediately after
the contact separation. When the operated switch interrupts the current is oo as the standalone
one, the arcing voltage reaches over 130 V. The application of the hybrid switching causes
the electric arc voltage to limit up to about 22 V (about 83%), the peak value of the TRV is
also limited (from 848 V to 31 V, thus over 27 times). The application of the SSR in parallel
to the operated switch causes also the frequency of the TRV oscillations to decrease. This
could be achieved, because the energy stored in the inductive load can be discharged through
the components integrated inside of the SSR applied to the hybrid switching (see the section
6.4 for details). The arcing time is also shorter during the hybrid switching (the decrease from
1080 ps to 35 ps was observed).

In order to determine the influence of the application of the hybrid switching on the limitation
of the electric arc, the following waveforms were calculated: the electric arc power pa_ws_ oo,
the electric arc energy ea ns goe, the power generated at the semiconductor branch pg_ws_see, as
well as, the energy absorbed by the semiconductor branch es s 90>. The waveforms of the
above-mentioned magnitudes are presented in Figure 7.23. The calculations were performed
according to the description presented in the section 6.1.2.

— electric arc power (Pmax = 39 W) — electric arc energy (E = 0.6 mJ)
— power generated at the SSR (Pmax =2 W) — energy absorbed by the SSR (E = 5.30 mJ)
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Figure 7.23. The calculated waveforms of the electric arc power, and the power generated
at the SSR (a), the calculated waveforms of the arc energy and the energy absorbed by the
SSR (b) during the current interruption process

As shown in Figure 7.23, the application of the hybrid switching impacts the increase of the
steepness of the electric arc power pa_ws_ oo that tends almost immediately to its zero-crossing
after the contact separation. When the arcing voltage exceeds the minimal operating voltage

106



7.4

of the SSR, the current of the operated switch is_ns_ooe rapidly starts to commutate into the SSR
branch, which can be observed in the waveforms presented in Figure 7.23a. The peak value
of the electric arc power pa_ws_ooe IS also limited in this case (from 64 W for standalone switch
to 38 W inhere). It is observed, because the current is ns g0 cCOMMmutates almost immediately
into the parallel branch, and the electric arc power is not able to achieve significant values.
The application of the considered method impacts the limitation of the electric arc energy (the
reduction from 51 mJ to about 0.6 mJ, so about 99%).

Summary of Measurement Results

In this section, the summary of measurement results for the limitation of the electric arc
performed in the tested circuit supplied by the 12 V voltage source for the different considered
methods were presented, when the contacts of the operated switch was separated at 90° of the
current period. In order to compare the measurement results, the following magnitudes were
collected in Table 7.2 for the performed researches:

the maximum peak value of the voltage measured across the operated switch (Umay),
the maximum value of the arcing voltage (Uarc_max),

the arcing time measured from the time of the contact separation to the time, when
the TRV starts to appear across the operated switch (tar),

the maximum electric arc power (Par),

the power generated at the external branch connected in parallel to the operated switch
(Psnubber)y

the electric arc energy (Earc),

the energy absorbed by the external branch connected in the parallel to the operated
switch (Esnubber)y

the calculated differences of the arcing times (Atac) and the electric arc energies
(AEar) between the base case and the analyzed method expressed as a percentage.

Table 7.2. Measurement results for the considered methods limiting the electric arc at 12 V

Type Umax |Uarc_max tarc Parc |Psnubber Earc |Esnubber Alarc |AEarc
V] [Ls] [W] [mJ] [%0]

The Base case 848 130 |1080 | 64 - 51 - -
e e a7 184 | 75 |912 | 64 | 42 | 44 | 05 | 16 | 14
suppressor

The Voltage-

Dependent 49 49 413 | 63 69 20 31 62 61
Resistor (VDR)

The Transient

Voltage 25 25 55 45 45 3 45 95 94
Suppressor (TVS)

The Zener

Voltage 22 22 89 32 40 1.52 46 92 97
Limiter (ZVL)

The Hybrid 31 | 22 |25 |39 | 2 | 06| 53 | 98 | 9
Switching

As shown in Table 7.2, the electric arc energy is limited in the different way in dependence
of the application of the considered method. Thus, it can be concluded, that in the tested circuit
the least effective method to limit the electric arc is the connection of the RC arc suppressor
in parallel to the operated switch (in this situation, the electric arc energy is limited only about
7 mJ, thus, it is only 14% lower in reference to the base case). In contrast to this case, the
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method giving the best results for the limitation of the electric arc is the hybrid switching (in
this situation, the electric arc energy is reduced from 50 mJ up to 0.6 mJ, which is about 99%
in reference to the base case).

The measured arcing times show also similar trend with the calculated arc energies — the least
effective method for the limitation of the electric arc due to the reduction of the arcing time
is the connection of the RC arc suppressor in parallel to the operated switch (it provides the
limitation of the arcing time from 1080 ps to 912 ps, so only about 16%), whereas the method
giving the best results is the hybrid switching (this solution provides the limitation of the
arcing time from 1080 ps to 25 ps, so about 99%).

Thus, it can be concluded that the hybrid switching is the most effective method giving the
best results for the limitation both of the electric arc energy, as well as, the electric arcing time
in the tested circuit supplied by the 12 V voltage source.

In order to compare the shapes and the values of the analyzed magnitudes for the different
considered methods, the waveforms of the measured currents, the measured voltage across
switch, the calculated powers and energies, as well as, the calculated resistances for the
different considered methods applied to limit the electric arc are presented in Figure 7.24-
Figure 7.30.

The comparison of the voltage waveforms measured across the operated switch us for the
considered methods is shown in Figure 7.24. The voltage measured across the operated switch
interrupted the current as the standalone one is not presented inhere for the clarity of the
figure, due to the significant values of registered overvoltages (over 800 V).

200

196] Us_vDR_90°
100 / Us Tvs go| Us-ZvL e Considered method:
> / Us_Hs 90 — RC arc suppressor (184 V)
o s I\ A it ~ VDR(49 V)
£° A o ~TVS (25 V)
S 50 ’ —ZVL(2V)
-100 to — hybrid switching (31 V)
-150
-200
0 1 2 5 6 [ms] 7

3. 4
Time [ms]
Figure 7.24. The waveforms of the measured voltage across the operated switch for the different
methods limiting the electric arc

As shown in Figure 7.24, all measured arcing voltages start to increase in the same time, when
the contacts start to separate. At the beginning, the shape of the arcing voltage has the same
character for the all considered methods. The arcing voltages increase up to the different
maximum values in dependence of the applied method to limit the electric arc.

In case of the application of the RC arc suppressor, the arcing voltage increases up to 75V,
and just after that, the significant oscillations in the TRV can be noticeable (the maximum
overvoltage in the TRV exceeds 180 V).

The application of the VDR, the TVS, and the ZVL causes to the limitation of the arcing
voltage at the level related to the minimal operating voltage of each applied nonlinear voltage
component (the arcing voltage is limited respectively: up to 49 V for the VDR, up to 25 V for
the TVS, and up to 22 V for the ZVL).

During the hybrid switching, the arcing voltage achieves maximally 22 V until the arcing
voltage value exceeds the minimal operating voltage of the applied SSR (it takes about 35 Lis).
At this time, the entire current commutes into the semiconductor branch, so as a consequence,
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the measured voltage across the operated switch achieves the on-state voltage of the applied
SSR, until the value of the commuted current does not reach the minimal holding current of
the SSR. From this moment, the current stops flowing in the entire analyzed circuit, and the
TRV appears between the contacts of the operated switch.

The frequency of the TRV oscillations depends on the considered method and it is related to

the conditions for discharging the energy stored in the inductive coil after the current
interruption.

The comparison of the measured current waveforms of the operated switch is for the all
considered methods applied to limit the electric arc are presented in Figure 7.25.
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Figure 7.25. The waveforms of the measured currents of the operated switch for the
different methods limiting the electric arc

As shown in Figure 7.25, the application of the all considered methods limiting the electric
arc causes the reduction of the arcing times in comparison to situation, when the operated
switch interrupts the current is g as the standalone one. In dependence on the effectiveness
of the considered method, the current tends to its zero-crossing faster or longer from the time
of the contact separation. Thus, the considered methods are mentioned in the following order
from the worst case considering the effectiveness of the limitation of the arcing time: the base
case, the RC arc suppressor, the VDR, the TVS, the ZVL, the hybrid switching. During the

hybrid switching, the current of the operated switch reaches its zero-crossing with the highest
steepness.

The comparison of the waveforms of the commuted currents into the external branches ig for
the different considered methods applied to limit the electric arc are shown in Figure 7.26.
The presented waveforms were measured during the current interruption.
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Figure 7.26. The waveforms of the measured currents commutated into the external branch
for the different methods limiting the electric arc

As shown in Figure 7.26, the effectiveness of the analyzed method depends on the time, when
the commutation process starts, as well as, on the value of the initial peak of the commuted
current. The considered method is more effective, when the current is able to commute into
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external branch as soon as possible after the contact separation time, with the peak value
comparable to the instantaneous value of the current flowing by the operated switch.

Thus, as it can be observed in Figure 7.26, in case of the application of the TVS, the ZVL and
the hybrid switching, the current starts to commute almost immediately after the time of the
contact separation, and the value of the commuted peak current is similar to the instantaneous
value of the current of the operated switch when its contacts start to separate.

During the hybrid switching, the zero-crossing of the commuted current ig_ns_soe iS reached
much later in comparison to the other considered methods. This is observed, because the
resistance of the p-n junction of the SSR is significantly lower in comparison to the other
considered methods. The current is vor_goe Starts to commutate into the VDR branch later in
comparison to the current is tvs oo, the current is zv_gee and the current is ns goe, due to its
higher value of the minimal operating voltage. The application of the RC arc suppressor
allows to commutate only the single current peaks just after the time of the contact separation,
which as a consequence makes is possible to limit the electric arc energy only slightly.
Moreover, the application of the RC arc suppressor causes the current oscillations after the
electric arc quenching to appear, which is caused by discharging the capacitance connected
between the contacts of the operated switch.

The comparison of the calculated waveforms of the electric arc power, as well as, the
comparison of the calculated waveforms of the external branches power are presented
respectively in Figure 7.27 and in Figure 7.28. The presented waveforms were calculated
based on the measured currents and the measured voltages, according to the description
presented in the section 6.1.2.
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Figure 7.27. The waveforms of the calculated powers of the electric arc for the different
methods limiting the electric arc
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Figure 7.28. The waveforms of the calculated powers generated at the external branch for
the different methods limiting the electric arc

The waveforms of the calculated powers pg illustrated in Figure 7.27 — Figure 7.28 shows the
similar trend with conclusions for the effectiveness of the considered methods that could be
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also visible in Figure 7.25 - Figure 7.26. For this reason, the detailed analysis of the
waveforms of the electric powers is omitted in this section.

The waveforms of the electric arc energies ea, as well as, the waveforms of the energies
generated at the external branches es were calculated and presented respectively in Figure
7.29 — Figure 7.30. The calculations were performed based on data presented in Figure
7.27 — Figure 7.28 according to the description presented in the section 6.1.2.
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Figure 7.29. The waveforms of the calculated energies of the electric arc for the different
methods limiting the electric arc
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As shown in Figure 7.29, the conclusions from the previous part of this section can be
confirmed. The considered methods can be classified due to the effectiveness of the limitation
of the electric arc in the following order from the most to the worst effective method due to
the limitation of the electric arc: the hybrid switching, the ZVL, the TVS, the VDR, the RC
arc suppressor.

The comparison of the waveforms of the energies generated at the external branches
connected in parallel to the operated switch eg is presented in Figure 7.30.
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Figure 7.30. The waveforms of the calculated energies absorbed by the external branch for
the different methods limiting the electric arc

As shown in Figure 7.30, the largest values of the energies absorbed by the external passive
branches can be observed for the situations, when the TVS and the ZVL were connected to
the operated switch. This is caused by faster time of the current commutation into the external
branch in comparison to the VDR application, which is caused by lower values of the minimal
operating voltages of the TVS and the ZVL. Therefore, the TVS and the ZVL can start to
commute the current earlier.

During the hybrid switching, the time needed to the start of the current commutation is the
shortest, and the value of the resistance of the p-n junction is also significantly lower than for
the other considered methods. For this reason, the application of the hybrid switching allows
to limit the electric arc with the very small amount of the absorbed energy by the
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semiconductor branch. The waveforms of calculated resistances of the external branches rg
connected to the operated switch during the current interruption are presented in Figure 7.31.
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Figure 7.31. The waveforms of the calculated resistances of the external branches for the
different methods limiting the electric arc

The waveforms of the calculated arc resistances ra for the all considered methods to limit the
electric arc energy are presented in Figure 7.32.
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Figure 7.32. The waveforms of the calculated resistances of the electric arc for the different
methods limiting the electric arc

The zoomed resistance waveforms presented in Figure 7.32 are also shown in Figure 7.33.

50 L

w) Wt .

0 AN ‘ Considered method:
= TA VS 66° — base case
‘@30 - VDR
o ‘ - " -TVS
% 20 TA"HS 60 > } & —ZVL
8 to ‘ / I » \ Fa_sge — RC arc suppressor
= 10 v‘%’“’“’" I'A_VDR}90® — hybrid switching

0 A
0,5 0,7 0,9 1,3 [ms] 1,5

) 1,1
Time [ms]

Figure 7.33. The zoomed waveforms of the calculated resistances of the electric arc for the
different methods limiting the electric arc

In reference to Figure 7.32-Figure 7.33, it can be concluded, that the steepness of increasing
the arc resistance is strongly related to the effectiveness of the considered method applied to
the mitigation of the electric arc. The arc resistance tends faster to the infinity, when the
electric arc energy is efficiently limited. Thus, the largest calculated steepness of the electric
arc resistance can be observed during the application of the hybrid switching, whereas, the

electric arc resistance tends to the infinity the slowest, when the methods for the limitation of
the electric arc are not applied.
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8

8.1

Measurement Results for the Limitation of the
Electric Arc at 230 V

This chapter presents the measurement results for the researches on the limitation of the
electric arc. The experiments were performed in the tested circuit supplied by the 230 V
voltage source. The measurements presented inhere were performed according to the detailed
description presented in the section 6, for the following scenarios of the researches:

performing the contact separation of the operated switch at the defined angle of the
current period (the detailed description is presented in the section 6.2),

the connection of the external passive branches in parallel to the operated switch (the
detailed description is presented in the section 6.3),

the application of the hybrid switching (the detailed description is presented in the
section 6.4).

The measurement results for the above-mentioned cases are presented respectively in the
sections 8.1-8.3. The waveforms of the following magnitudes are presented in this chapter:
the measured currents, the measured voltage across switch, the calculated electric arc powers,
the calculated electric arc energies, the calculated powers generated at external branches
connected in parallel to the operated switch, as well as, the calculated energies absorbed by
the external branches. The calculations of the electric powers and the energies were performed
according to the description presented in the section 6.1.2. The key instants were marked in
waveforms:

to — the time, when the contacts of the operated switch start to separate,
t; — the time, when the electric arc was quenched,

t, — the time, when the steady state voltage appears between the contacts of operated
switch after the end of the TRV.

Time-Controlled Contact Separation at the Precise Time Slot of the
Current Period

The results of the researches on the limitation of the electric arc energy performed by the
application of the time-controlled contact separation are presented in this section. The
measurements were conducted according to the description presented in the section 6.2. In
order to perform the researches, the contact separation was performed at four different angles
of the current period, respectively: at 35°, at 90° and at 145°, as well as, just before the current
zero-crossing (as close as possible due to the dispersion of the mechanical inertia of the switch
drive — in practice, the contacts of the operated switch were separated tens of microseconds
before the expected current zero-crossing ).

The following magnitudes summarizing the measurements are listed in Table 7.1:

the electric arc times tarc,

the maximum observed value of the TRV during the current interruption Utrv max,
the maximum arcing voltage value Uarc_max,

the maximum value of the power of the electric arc Pmax (calculated according to the
description presented in the section 6.1),

the maximum value of the electric arc energy Ear (calculated according to the
description presented in the section 6.1).
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Table 8.1. The measurement results for the considered times of the contact separation — the
tested circuit supplied by the 230 V voltage source

The time of the
contact separation

[degrees] [ms] [V] W] | [mJ]
48

tarc UTRV_max Uarc_max Pmax | Earc

Just before 0 0.223| 731 40 <0.01
35 7.218 502 120 (1560 | 7.97
90 5.047 651 120 (1262 | 4.62
145 1.943 510 120 (647 | 0.73

As shown in Table 8.1, the electric arc energy is the smallest (less than 10 mJ) when the
contacts of the operated switch open just before the current zero-crossing, whereas the highest
value of the electric arc energy (almost 8 J) is observed when the contacts start to separate at
35° of the current period. During the contact separation at 90° and at 145° of the current
period, the electric arc energy was calculated respectively as 4.62 Jand as 0.73 J. Thus, it can
be concluded, that the electric arc energy is the smallest, when the contacts start to separate
after the current extreme, while the current tends to its natural zero-crossing.

The compatible trend is observed for the measured arcing times that are also listed in Table
8.1. The shortest arcing time is observed when the contacts of the operated switch start to
separate just before the natural current zero-crossing, whereas, the longest arcing time is
noticeable in the situation, when the contacts open during the current extreme.

The measured voltages across the operated switch us during the contact separation performed
at the considered times are presented in Figure 8.1. The zoomed waveforms of the arcing
voltage are presented respectively in Figure 8.6a — Figure 8.8a.
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Figure 8.1. The voltages measured across the operated switch for the different times
of the contact separation (to — the contact separation time)

As shown in Figure 8.1, as well as, in the zoomed waveforms presented respectively in Figure
8.5a — Figure 8.8a, the maximum values of the arcing voltage can by limited by performing
the contact separation in the specific time (see also Figure 8.1 for details).

In the case, when the contacts of the operated switch are separated just before the natural
current zero-crossing, the arcing voltage achieves 40 V. However, when the contacts are
separated at other considered times (respectively: at 35°, 90° and at 145° of the current
period), the arcing voltage reaches maximally about 120 V.

Thus, the maximum observed arcing voltage does not exceed even the half of the voltage peak
of the supply voltage at the steady state (Ups_peak = 325 V). This is an important difference in
comparison to the observed arcing voltages in the tested circuit supplied by the 12 V voltage
source, where the arcing voltage achieves over 10 times in comparison to the voltage peak of
the supply voltage at the steady state (see the chapter 7.1 for details).
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In this case, the maximum observed TRV overvoltage exceeds 730 V, and this value is over
twice greater in comparison to the maximum peak voltage of the supply source at the steady
state. Thus, in this case, the relative overvoltage in the TRV is also smaller in comparison to
the situation presented in the section 7.1, where the TRV peak archives even 50 times of the
maximum peak voltage of the supply voltage at the steady state. The frequency of the TRV
oscillations is related only to the electrical parameters of the tested circuit, thus the time of
the contact separation does not influence these oscillations.

The measured waveforms of the interrupted current is during the contact separation performed
at the considered times are presented in Figure 8.2. The zoomed current waveforms are
presented respectively in Figure 8.5b — Figure 8.8b.
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Figure 8.2. The measured currents of the operated switch for the different times
of the contact separation (to — the contact separation time)

As shown in Figure 8.2, after the time of the contact separation, the all measured current
curves tend to the zero-crossing as the sinusoidal-shape with a slight deformation (the current
zero-crossing is achieved faster than in the case, when the current flows through the contacts
of the closed switch). This phenomenon is related to the appearance of the arc resistance in
the tested circuit that influences on the deformation of the current curve, similarly to
measurement results presented in the section 7.1. However, the electric arc resistance is
significantly lower in comparison to the measurement results presented in the section 7.1. For
this reason, the deformation of the current presented in Figure 8.2 is only slight in comparison
to the measurement results presented in the section 7.1 (Figure 7.2).

As it can be observed in Figure 8.2, the electric arc quenches almost immediately when the
contacts start to separate just before the current zero-crossing is - (shorter than 0.3 ms). In
contrast, the arcing time takes the longest (over 7.2 ms) when the contacts start to open at time
while the current is_sso increases (at 35° of the current period). This is an important difference
in comparison to the situation presented in the section 7.1, where the greater value of the
electric arc energy was observed at the time when the contacts started to separate at the current
extreme (see the current is g0 in Figure 7.2 for the details). This difference is observed,
because better conditions for the ionization of the gas localized between the separated contacts
of the operated switch occur in this situation: both the greater value of the electric field, as
well as, the greater instantaneous value of the interrupting current in comparison to the
situation presented in the section 7.1. These differences help to achieve greater temperature
rise between the contacts, which is necessary to gain the more intensive gas ionization
(according to the description presented in chapter 3). As a consequence, it leads to creation of
smaller electric arc resistance. This also influences smaller arcing voltage, which is also
observed in Figure 8.1. Moreover, the most intensive ionization causes that the value of the
arc resistance increases longer after the contact separation in comparison to the measurement
results presented in the section 7.1. For this reason, in this case, the electric arc energy and
the arcing time are the greater, when the contacts start to separate at 35° of the current period
(see Figure 8.4). In this situation, the electric arc can burn longer, because the arc resistance
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increases longer, which causes that the current reaches its zero-crossing later (so as a
consequence, also the arcing time takes longer) in comparison to the analogous test in the
tested circuit supplied by the 12 V voltage source. A detailed analysis of the electric arc
resistance for the considered case is presented in the section 8.4.

As shown in Figure 8.2, the differences in the arcing times between the contact separation
performed at 90° and 145° of the current period is over 3 ms (it takes respectively over 5 ms
and almost 2 ms). Thus, it can be concluded, that the arcing time is shorter when the contacts
of the operated switch open during the current tending to its natural zero-crossing, similarly
to the measurement result presented in the section 7.1.

The waveforms of the electric arc power pa calculated for the considered times of the contact
separation are presented in Figure 8.3. The calculations were performed according to the
description presented in the section 6.1.2. The zoomed waveforms of the electric arc power
are presented respectively in Figure 8.5¢ — Figure 8.8c.
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Figure 8.3. The calculated electric arc powers for the different times
of the contact separation (to — the contact separation time)

As shown in Figure 8.3, when the contacts of the operated switch start to separate just before
the natural current zero-crossing, the electric arc power pa_e- is observed only for a short time
(shorter than 250 ps). In this case, the power curve is similar in the double-stepped shape with
the 30 W peak value (see Figure 8.5¢ for details). For other considered cases, the waveforms
of the power curves are very similar in the half-sinusoidal shapes. The considered times of
the contact separations are mentioned in the order from the worst case considering the
effectiveness of the limitation of the arcing time, respectively: 35°, 90°, 145° of the current
period, and the time just before the natural current zero-crossing.

The waveforms of the electric arc energy calculated ea for the considered times of the contact
separation are presented in Figure 8.4. The calculations were performed according to the
description presented in the section 6.1.2. The zoomed waveforms of the electric arc energy
are presented respectively in Figure 8.5d — Figure 8.8d.
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Figure 8.4. The electric arc energies calculated for the different times
of the contact separation
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As shown in Figure 8.4, as well as, in the zoomed waveforms of the electric arc energy
presented respectively in Figure 8.5d — Figure 8.8d, the greatest values of electric arc energies
ea were calculated for the situations when the contacts were separated respectively at 35°, at
90°, at 145° of the current period and just before the zero-crossing of the current period, which
is consistent with the trend observed for the calculated electric arc powers.

Thus, similarly to the measurement results presented in the section 7.1, it can be concluded
that the most favorable conditions for the current interruption occur in the tested circuit
supplied by the 230 V voltage source, when the contacts of the operated switch start to
separate just before the current zero-crossing. Only in this situation, the electric arc energy is
effectively limited, which can have slight influence on creating the arc erosion in the contact
surfaces of the operated switch. The best conditions for the current interruption are precisely
at the current zero-crossing. However, due to the dispersion of the mechanical inertia of the
operated switch, this situation is very difficult to achieve in the practice. The electric arc
energy is the greatest, when the contacts of the operated switch open at 35° of the current
period. In this situation, the electric arc energy is observed in the considerable amount, which
can influence creation of the electric arc erosion significantly.

The zoomed waveforms of the voltage measured across the switch us, the interrupted current
is, the electric arc power pa and the electric arc energy ea are presented respectively in the
sections 8.1.1 — 8.1.4 for the considered times of the contact separation.

8.1.1 Separation of the Contacts just before the Natural Zero-Crossing of the
Current Period

In this section, the waveforms are presented for the situation, when the contacts of the
operated switch start to separate just before the natural zero-crossing. The measured voltage
across the operated switch us ¢, the interrupted current is oo, the electric arc power pa e, as
well as, the electric arc energy ea_o- during the current interruption are presented in Figure 8.5.

— voltage across the switch us (Umax = 731 V) — interrupted current is

— electric arc power pa (Pmax = 48 W) — electric arc energy ea (Pmax = ~9 mJ)
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Figure 8.5. Contact separation just before the natural current zero-crossing : the measured
voltage across the operated switch (a), the current of the operated switch (b), the calculated

electric arc power (c), the electric arc energy (d)
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8.1.2 Separation of the Contacts at 35° of the Current Period

In this section, the detailed waveforms are presented for the situation, when the contacts of
the operated switch start to separate at 35° of the current period. The detailed waveforms of
the measured voltage across the operated switch us_sse, the interrupted current is_ss-, the electric
arc power pa_sse, as well as, the electric arc energy ea_sse during the current interruption are
presented in Figure 8.6.
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Figure 8.6. Contact separation at 35° of the current period. The measured voltage across
the operated switch (a), the current of the operated switch (b), the calculated electric arc
power (c), the electric arc energy (d)

8.1.3 Separation of the Contacts at 90° of the Current Period

In this section, the detailed waveforms are presented for the situation, when the contacts of
the operated switch start to separate at 90° of the current period. The detailed waveforms of
the measured voltage across the operated switch us_goe, the interrupted current is oo, the electric
arc power pa_see, and the electric arc energy ea soe during the current interruption are presented

in Figure 8.7.
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Figure 8.7. Contact separation at 90° of the current period: the measured voltage across
the operated switch (a), the current of the operated switch (b), the calculated electric arc
power (c), the electric arc energy (d)

8.1.4 Separation of the Contacts at 145° of the Current Period

In this section, the detailed waveforms are presented for the situation, when the contacts of
the operated switch start to separate at 145° of the current period. The detailed waveforms of
the measured voltage across the operated switch us 1sse, the interrupted current is 14se, the
electric arc power pa 14se, and the electric arc energy ea 145 during the current interruption are
presented in Figure 8.8.
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Figure 8.8. Contact separation at 145° of the current period: the measured voltage across
the operated switch (a), the current of the operated switch (b), the calculated electric arc
power (c), the electric arc energy (d)

8.2 Connection of the Passive Branches in Parallel to the Operated Switch
In this section, the measurement results are presented for limiting the electric arc energy by

means of the connection of the different passive branches in parallel to the operated switch.
The following branches were connected in parallel to the operated switch:
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RC arc suppressor,
Voltage-Dependent Resistor (VDR),
Transient Voltage Suppressor (TVS),
Zener Voltage Limiter (ZVL).

The researches were performed in the tested circuit supplied by the 230 V voltage source for
the situation, when the contacts of the operated switch start to separate at 35° of the current
period. This case was chosen to the researches due to greater value of the electric arc energy,
based on the measurement results presented in the section 8.1.

Thus, the effectiveness of the limitation of the electric arc was investigated in the tested circuit
for the different external branches connected in parallel to the operated switch. The detailed
description of the research plan was presented in the section 6.2.

In the course of the researches, the following magnitudes were measured: the voltage across
the operated switch us, the current of the operated switch is and the current commuted into the
external branch ig during the current interruption. Based on these magnitudes, the following
waveforms were calculated and presented in this section: the electric arc power pa, the electric
arc energy ea, the power generated at the parallel branches ps and the energy absorbed by the
parallel branches es. The above-mentioned waveforms are presented in this section for each
of the considered method limiting the electric arc.

8.2.1 RC Arc Suppressor

In order to determine the influence of the RC suppressor connected in parallel to the operated
switch on the electric arc energy, the researches were performed. For this purpose, the RC
suppressor was connected in parallel to the operated switch according to the figure presented
in Table 6.1 (row 1). The parameters of the RC suppressor are also listed in Table 6.1 (row 1).

A waveform of the current flowing through the operated switch is rc_3se, @ waveform of the
current commuted into the parallel branch is_rc_ss> with the RC suppressor, a waveform of the
measured voltage across the operated switch us_rc_sse during the current interruption, as well
as, a waveform of the measured voltage across the operated switch us_sse during the current
interruption performed by the standalone switch are presented in Figure 8.9.

— switch current is — voltage across the switch us (Umax = 502 V)
— switch current is_rc — voltage across switch us_rc (Umax = 535V)
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Figure 8.9. The measured current waveforms (a) and measured voltages across the operated
switch (b) when the operated switch interrupts the current as the standalone one, and when
the RC suppressor is connected in parallel to the operated switch

As shown in Figure 8.9a, the current ig_rc_sse Starts to flow into the parallel branch only for a
short moment just after the time of the contact separation, which does not impact apparently
on the shape of the current of the operated switch is rc ss. The commutation of the small
amount of the current is rc s just after the contact separation is possible due to a sudden
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increase in the arcing voltage at the time to, when the contacts open, which makes to the
energization of the capacitance being the part of the RC suppressor possible.

As shown in Figure 8.9b, the arcing voltage reaches maximally about 130 V. In this case, the
maximum arcing voltage is even greater (about 8%) in comparison to the arcing voltage
observed, when the current is_sso is interrupted by the standalone switch (120 V). This slight
difference is caused by a specified repeatability of the processes taking the part in the
formulation of the electric arc during the current interruption. Thus, it can be assumed that
the both observed values of the arcing voltage are comparable, so the connection of the RC
suppressor in parallel to the operated switch does not influence on the arcing voltage.

Just after quenching the electric arc, when the TRV starts to appear between the contacts of
the operated switch, the current ig rc 350 Starts to oscillate in the parallel branch with small
peaks (lower than 0.5 A). This phenomenon is related to de-energizing the energy stored in
the inductive load through the capacitance connected in the parallel to the operated switch.
This process causes also reduction of the frequency of the TRV oscillations, which can be
visible in Figure 8.9b. However, in this case, the TRV peak achieves slightly greater value
(about 33 V, so about 6%) in comparison to the situation, in which the current was interrupted
by the standalone switch (Figure 8.6).

The application of the RC suppressor also does not influence the arcing time noticeably (it
takes about 144 ps shorter, so only 2% in comparison to the situation when the current is
interrupted by the standalone switch). A comparison of the measurement results is
summarized in Table 8.2.

In order to determine the influence of the connection of the RC suppressor in parallel to the
operated switch on the limitation of the electric arc, the following waveforms were calculated:
the electric arc power pa_rc_sse, the electric arc energy ea_rc_sse, the power generated at the RC
suppressor pes rc 3s;, as well as, the energy absorbed by the RC suppressor eg rc sse. The
waveforms of the above-mentioned magnitudes are presented in Figure 8.10. The calculations
were performed according to the description presented in the section 6.1.2.
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Figure 8.10. The calculated waveforms of the electric arc power, and the power generated at
the RC suppressor (a), the calculated waveforms of the arc energy and the energy absorbed
by the RC suppressor (b) during the current interruption process

As shown in Figure 8.10a, the connection of the RC suppressor in parallel to the operated
switch limits the peak value of the electric arc power only slightly (in the situation, when the
current was interrupted by the standalone switch, the maximum electric arc power pa_sse was
1560 W, so the difference is only about 3%). This small difference is caused by the small
amount of the current pg_rc 35 that is able to commute into the RC suppressor, only just after
the contact separation of the operated switch (see Figure 8.9a). Thus, in this case, it was
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possible to limit the electric arc energy from 7.97 J to 7.30 mJ, so about 8%. According to
Figure 8.10b, the energy absorbed by the RC suppressor is also slight (only about 4 mJ).

8.2.2 Voltage-Dependent Resistor (VDR)

The next examined method applied to the passive limitation of the electric arc is based on the
connection of the Voltage-Dependent Resistor (VDR) in parallel to the operated switch,
according to the figure presented in Table 6.1 (row 2). The parameters of the applied VDR
are also listed in Table 6.1.

A waveform of the current flowing through the operated switch is vor 3se, @ waveform of the
current commuted into the parallel VDR ig vor 35, @ waveform of the measured voltages
across the operated switch us vpr_sse during the current interruption, as well as, a waveform of
the measured voltage across the operated switch us sse during the current interruption
performed by the standalone switch are presented in Figure 8.11.
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Figure 8.11. The measured current waveforms (a) and measured voltages across the
operated switch (b) when the operated switch interrupts the current as the standalone one,
and when the VDR is connected in parallel to the operated switch

As shown in Figure 8.11a, the current ig_ vor_sse Starts to flow in the parallel branch only for a
short moment, when the current of the operated switch is vor 3= is already interrupted. During
the current interruption, the arcing voltage is significantly below the minimal operating
voltage of the VDR, so the current cannot commutate into the VDR branch. The VDR starts
to conduct only, when the electric arc is already quenched, and the TRV appears between the
contacts of the operated switch. Thus, it can be noticeable, that the TRV application does not
limit the electric arc energy, but only limits the peak of the TRV from 502 V to 384 V (so
almost 24%). For this reason, the frequency of the TRV oscillations decreases — when the
VDR starts to conduct during the TRV, the energy stored in the inductive load can be
discharged by the VDR. As shown in Figure 8.11b, the arcing voltage increases up to 130 V
similarly to the previous analyzed cases. Also difference in the arcing times after the
application of the VDR is slight (the observed difference about 17 us is caused by the
specified repeatability of the processes taking the part in the formulation of the electric arc
during the current interruption).

In order to confirm above conclusions, the following waveforms were calculated: the electric
arc power pa_vor_sse, the electric arc energy ea vor sse, the power generated at the VDR branch
Pe_vor_3se, as Well as, the energy absorbed by the VDR branch eg vpr 3se. The waveforms of
the above-mentioned magnitudes are presented in Figure 8.12. The calculations were
performed according to the description presented in the section 6.1.2.
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— electric arc power (Pmax = 1580 W) — electric arc energy (E = 7.81 mJ)
— power generated at VDR (Pmax = 39 W) —energy absorbed by the VDR (E = 0.3 mJ)
1800 50,0 8 —
W] w] ) A
Ps_vbr_35° 875 ! €A; VDR 35
1400
E \A p L25,0 E 6 >\
;31000 / 125 5 |5 ta
g‘ ’r/ 0,0 % ? 4
2 600 P P E 3
A ' f
o - = -25,0 2 Lo
& 200 J 0 & €siVDR 35°
i y < --37,5 1
-200 -50,0 0 v +
0,0 15 3,0 45 6,0 7,5 [ms] 9,0 0,0 15 3,0 . 45 6,0 75 [ms] 9,0
Time [ms] Time [ms]
a) b)

Figure 8.12. The calculated waveforms of the electric arc power, and the power generated at
the VDR (a), the calculated waveforms of the arc energy and the energy absorbed by the
VDR (b) during the current interruption process

As shown in Figure 8.12a, the connection of the VDR branch to the operated switch does not
influence the peak of the electric arc power pa vor sse. In the situation, the peak power is even
greater about 20 W in comparison to the case, when the current is s is interrupted by the
standalone switch. This slight difference is caused by the specified repeatability of the
processes taking the part in the formulation of the electric arc during the current interruption.
The power generated at the VDR branch ps vor 35 Starts to be observed, only just after the
current zero-crossing, when the VDR starts to conduct due to the significant value of the TRV,
which is greater than the voltage threshold of the VDR. Thus, in analyzed case, the calculated
electric arc energy is 7.81J, and the difference in comparison to the situation with the
standalone switch (where the value of the electric arc energy is 7.97 J) is caused only by the
specified repeatability of the processes taking part in the formulation of the electric arc during
the current interruption. Thus, the VDR branch does not participate in the limitation of the
electric arc energy during the current interruption process in the analyzed case.

8.2.3 Transient Voltage Suppressor (TVS)

Another examined method to passive limitation of the electric arc is the connection of the
Transient Voltage Suppressor (TVS) in parallel in the operated switch according to the figure
presented in Table 6.1 (row 3). The parameters of the applied TVS are also listed in Table
6.1. A waveform of the current flowing through the operated switch is tvs_sse, @ waveform of
the current commuted into the parallel TVS is 1vs 350, @ waveform of the measured voltages
across the operated switch us rvs s, as well as, a waveform of the measured voltage across
the standalone switch us_ss> during the current interruption are presented in Figure 8.13.

— switch current is — voltage across the switch us (Umax = 502 V)
— switch current is_tvs — voltage across switch us_tvs (Umax = 396V)
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Figure 8.13. The measured current waveforms (a) and measured voltages across the
operated switch (b) when the operated switch interrupts the current as the standalone one,
and the TVS is connected in parallel to the operated switch
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As shown in Figure 8.13a, similarly to the situation presented in the section 8.2.2, the arcing
voltage during the current interruption is significantly below the minimal operating voltage
of the TVS, so the current is_tvs_ss cannot commutate into the TVS branch. The TVS starts to
conduct only, when the electric arc is already quenched, and the TRV appears between the
contacts of the operated switch. Thus, it can be noticeable, that the TRV application does not
limit the electric arc energy, but only limits the peak of TRV from 502 V to 396 V (so about
21%). For this reason, the frequency of the TRV oscillations decreases — when the TVS starts
to conduct during the TRV, the energy stored in the inductive load can be discharged by the
TVS. As shown in Figure 8.13b, the arcing voltage increases up to 135V similarly to the
previous analyzed cases. Also the difference in the arcing times after the application of the
TVS practically does not exist (the observed difference about 64 s is caused by the specified
repeatability of the processes taking the part in the formulation of the electric arc during the
current interruption).

In order to confirm above conclusions, the following waveforms were calculated: the electric
arc power pa_tvs_sse, the electric arc energy ea tvs_sse, the power generated at the TVS branch
Pe_tvs_ss0, s Well as, the energy absorbed by the TVS branch eg 1vs_sse. The waveforms of the
above-mentioned magnitudes are presented in Figure 8.14. The calculations were performed
according to the description presented in the section 6.1.2.

— electric arc power (Pmax = 1574 W) — electric arc energy (E = 7.94 mJ)
— power generated at the TVS (Pmax = 92 W) —energy absorbed by the TVS (E = 0.3 mJ)
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Figure 8.14. The calculated waveforms of the electric arc power, and the power generated
at the TVS (a), the calculated waveforms of the arc energy and the energy absorbed by the
TVS (b) during the current interruption process

As shown in Figure 8.14a, similarly to the situation presented in the section 8.2.2, the
connection of the TVS branch to the operated switch does not influence on the peak of the
electric arc power. In the analyzed case, the peak power pa tvs_sse is even greater about 14 W
in comparison to the case, when the current is_sse is interrupted by the standalone switch. This
slight difference is caused by the specified repeatability of the processes taking the part in the
formulation of the electric arc during the current interruption. The power generated at the TVS
branch starts to be observed, only just after the current zero-crossing, when the TVS starts to
conduct due to the significant value of the TRV. Thus, in analyzed case, the calculated electric
arc energy is 7.94 J, and the difference in comparison to the situation with the standalone
switch (where the value of the electric arc energy is 7.97J) is caused by the specified
repeatability of the processes taking the part in the formulation of the electric arc during the
current interruption. Thus, the TVS branch does not participate in the limitation of the electric
arc energy during the current interruption process in the analyzed case.

8.2.4 Zener Voltage Limiter (ZVL)

Another examined method to limit the electric arc is the connection of the Zener Voltage
Limiter (ZVL) in parallel to the operated switch. The applied branch consists of two ZVLs
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connected in series, according to Figure 6.7. The parameters of the applied ZVLs are listed in
Table 6.1.

A waveform of the current flowing through the operated switch is »v_sse, @ waveform of the
current commuted into the parallel ZVL ig 235, @ waveform of the measured voltage across
the operated switch us zv_sse during the current interruption, as well as, a waveform of the
measured voltage across the operated switch us_sse during the current interruption performed
by the standalone switch are presented in Figure 8.15.

— switch current is — voltage across the switch us (Umax = 502 V)
— switch current is_zvL — voltage across switch us_zvi (Umax = 382V)
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Figure 8.15. The measured current waveforms (a) and measured voltages across the
operated switch (b) when the operated switch interrupts the current as the standalone one,

and when the ZVL is connected in parallel to the operated switch

As shown in Figure 8.15a, similarly to the situations presented in the sections 8.2.2 — 8.2.3,
the arcing voltage during the current interruption is significantly below the minimal operating
voltage of the ZVL, so the current is_zv_sse cannot commutate into the ZVL branch. The ZVL
starts to conduct only, when the electric arc is already quenched, and the ZVL appears
between the contacts of the operated switch. Thus, it can be noticeable, that the ZVL
application does not limit the electric arc energy, but only limits the peak of TRV from 502 V
to 382 V (so about 24%). For this reason, the frequency of the TRV oscillations decreases —
when the ZVL starts to conduct during the TRV, the energy stored in the inductive load can
be discharged by the ZVL. As shown in Figure 8.15b, the arcing voltage increases up to 130 V
similarly to the previous analyzed cases. Also difference in the arcing times after the
application of the ZVL practically does not exist (the observed difference about 67 ps is
caused by the specified repeatability of the processes taking the part in the formulation of the
electric arc during the current interruption).

In order to confirm above conclusions, the following waveforms were calculated: the electric
arc power pa zvi sse, the electric arc energy ea zv_3se, the power generated at the TVS branch
Pe_zvL_ss0, S Well as, the energy absorbed by the ZVL branch eg zv_sse. The waveforms of the
above-mentioned magnitudes are presented in Figure 8.16. The calculations were performed
according to the description presented in the section 6.1.2.
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8.3

— electric arc power (Pmax = 1538 W) — electric arc energy (E = 7.79 mJ)
— power generated at the ZVL (Pmax = 72 W) —energy absorbed by the ZVL (E = 0.0 mJ)
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Figure 8.16. The calculated waveforms of the electric arc power, and the power generated at
the ZVL (a), the calculated waveforms of the arc energy and the energy absorbed by the ZVL
(b) during the current interruption process

As shown in Figure 8.16a, similarly to the situation presented in the sections 8.2.2 — 8.2.3, the
connection of the ZVL branch to the operated switch does not influence the peak of the electric
arc power pa zvi_sse. In the analyzed case, the peak power is lower about 22 W in comparison
to the case, when the current is interrupted by the standalone switch. This slight difference is
caused by the specified repeatability of the processes taking the part in the formulation of the
electric arc during the current interruption. The power generated at the ZVL branch starts to
be observed, only just after the current zero-crossing, when the ZVL starts to conduct due to
the significant value of the TRV. Thus, in analyzed case, the calculated electric arc energy is
7.79 J, and the difference in comparison to the situation with the standalone switch (where
the value of the electric arc energy is 7.97 J) is caused by the specified repeatability of the
processes taking the part in the formulation of the electric arc during the current interruption.
Thus, the ZVL branch does not participate in the limitation of the electric arc energy during
the current interruption process in the analyzed case.

Hybrid Switching

According to the description presented in the section 6.1.2, the researches on the limitation of
the electric arc were performed for the hybrid switching. This method is based on the
connection of the semiconductor branch in parallel to the operated switch. The semiconductor
branch is fully controlled by the microcontroller system, the detailed description of the hybrid
switching is presented in the section 6.4. The measurements results for performed researches
on this method in the tested circuit supply by 230 V are presented in this section.

A waveform of the current flowing through the operated switch is_ws_3se, @ waveform of the
current commuted into the semiconductor branch is ws 35, as well as, a waveform of the
measured voltage across the entire operated switch us ns sse with connected the semiconductor
branch during the current interruption are presented in Figure 8.17.

126



— switch current is — commutated current is_ps — voltage us_rs (Umax = 631 V)
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Figure 8.17. The measured currents (a), the measured voltage across the operated switch
(b) during the hybrid switching

As shown in Figure 8.17, the application of the hybrid switching limits the arcing voltage, the
arcing time, as well as, the overvoltages of the TRV in comparison to the situation, when the
current is_ss> was interrupted by the standalone switch (Figure 8.6). The measured differences
in the waveforms can be observed in Figure 8.18, where the waveforms of the currents and
the voltages are presented for both analyzed cases.

— switch current is — voltage across the switch us (Umax = 502 V)
— switch current is_ns — voltage across switch us_xs (Umax = 631 V)
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Figure 8.18. The measured current waveforms (a) and measured voltages across the
operated switch (b) when the operated switch interrupts the current as the standalone one,
and during the hybrid switching

As shown in Figure 8.18a, the application of the hybrid switching changes the shape of the
current waveform is ns sse significantly. As it can be visible in the current waveform, the
current of the operated switch is_ns_sso reaches its zero-crossing practically immediately after
the contact separation. When the operated switch interrupts the current is_sse as the standalone
one, the arcing voltage reached about 120 V. The application of the hybrid switching causes
limitation of the electric arc voltage up to about 20 V (about 83%), but in this case, the TRV
peak value has the larger value in comparison to the situation when the current is interrupted
by the standalone switch (631 V instead of 502 V, thus about 26% greater). However, in both
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analyzed cases, the absolute value of the first peak of the TRV is comparable (about 620-
630 V). The application of the SSR in parallel to the operated switch causes the frequency of
the TRV oscillations to decrease. This could be achieved, because the energy stored in the
inductive load can be discharged through the components integrated inside of the SSR applied
to the hybrid switching (see the section 6.4 for details), which limits the TRV. The arcing time

is shorter in the situation, during the hybrid switching (the decrease from 7.222 ms to 35 ps,
S0 over 99%).

In order to determine the influence of the application of the hybrid switching on the limitation
of the electric arc, the following waveforms were calculated: the electric arc power pa ws_sse,
the electric arc energy ea s _sse, the power generated at the semiconductor branch pg_ws_sse, as
well as, the energy absorbed by the semiconductor branch es ws 35 The waveforms of the
above-mentioned magnitudes are presented in Figure 8.19. The calculations were performed
according to the description presented in the section 6.1.2.

— electric arc power (Pmax = 347 W) — electric arc energy (E =6 mJ)
— power generated at the SSR (Pmax = 170 W) — energy absorbed by the SSR (E = 0.28 mJ)
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Figure 8.19. The calculated waveforms of the electric arc power, and the power generated
at the SSR (a), the calculated waveforms of the arc energy and the energy absorbed by the
SSR (b) during the current interruption process

As shown in Figure 8.19, the application of the hybrid switching impacts the increase of the
steepness of the electric arc power pa_ws_sse that tends almost immediately to its zero-crossing
after the contact separation. When the arcing voltage exceeds the minimal operating voltage
of the SSR, the current of the operated switch is_ns 35 rapidly starts to commutate into the SSR
branch, which can be observed in the waveforms presented in Figure 8.18a. The peak value
of the electric arc power pa ns ss is also limited in this case (from 1560 W for standalone
switch to 39 W inhere). It can be observed, because the current is ns_3se commutates almost
immediately into the parallel branch, and the electric arc power is not able to achieve
significant values. The application of the considered method impacts significantly the
limitation of the electric arc energy (the reduction from 7.97 J to about 6 mJ, so about over
99%).
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8.4 Summary of the Measurement Results

In this section, the summary measurement results for the limitation of the electric arc energy
performed in the tested circuit supplied by the 230 V the voltage source for the different
considered methods were presented. In order to compare the measurement results, the
following magnitudes for the performed researches were collected in Table 8.2:

the maximum peak value of the voltage measured across the operated switch (Umay),

the maximum value of the arcing voltage (Uarc_max),

the arcing time measured from the time of the contact separation to the time, when

the TRV starts to appear across the operated switch (tar),

the maximum electric arc power (Par),

the power generated at the external branch connected in parallel to the operated switch

(Psnubber)y

the electric arc energy (Earc),

the energy generated at the external branch connected in the parallel to the operated

switch (Esnubber)y

the calculated differences of the arcing times (Atac) and the electric arc energies

(AEarc) between the base case and the analyzed method expressed as a percentage.

Table 8.2. Measurement results for the considered methods limiting the electric arc at 230 V

Type Umax |Uarc max tarc Parc |Psnubber Earc |Esnubber Atarc |AEarc
V] [us] [W] J] [%0]
The Base case 502 120 |7.222 (1560 - 7.97 - -
TheRCarc | gon | 150 |7078 (1510 | 225 | 7.30 | 0.004 | 1.99 | 8.41
suppressor
The Voltage-
Dependent 384 130 |7.205 (1580 38 7.81 | 0.0003 | 0.24 | 2.01
Resistor (VDR)
The Transient
Voltage 382 135 |7.155 |1538 72 7.79 | 0.0002 | 0.93 | 2.26
Suppressor (TVS)
The Zener
Voltage 396 130 |7.158 (1574 92 7.94 | 0.0003 | 0.89 | 0.38
Limiter (ZVL)
Ul Lene 631 | 20 |0.035 (347 | 170 |0.006| 0.28 |99.52|99.92
Switching

As shown in Table 8.2, the electric arc energy is limited in the different way in dependence
of the considered method. It can be concluded, that the application of the RC arc suppressor
limits the electric arc energy only slightly (about 680 mJ, so over 8%). The connection of the
VDR, the TVS and the ZVL in parallel to the operated switch does not limit electric arc energy
even slightly. The small differences in the presented values of the measured magnitudes for
the following cases: the base case, the VDR, the TVS and the ZVL are caused only by the
specified repeatability of the processes taking part in the formulation of the electric arc during
the current interruption. The only method providing the satisfactory results for the limitation
of the electric arc is the hybrid switching (for this method, the electric arc energy is reduced
from 7.97 J up to 6 mJ, which is about 99.9% in reference to the base case).

The similar trend can be observed for the measured arcing times. The connection of the RC
arc suppressor in parallel to the operated switch limits the arcing times slightly (it provides
the reduction of the arcing time from 7.222 ms to 7.078 ms, so about 2%), whereas the only
method providing the significant limitation of the acing time is the application of the hybrid
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switching (this solution provides limitation of the arcing time from 7.222 ms to 35 s, so
about 99.5%).

Thus, based on the data listed in Table 8.2, it can be concluded that the application of the
hybrid switching is the most effective method providing the best results for the limitation of
both of the electric arc energy, as well as, the electric arcing time in the tested circuit supplied
by the 230 V voltage source.

In order to compare shapes and values of the analyzed magnitudes for the different considered
methods, the measured waveforms were presented in the same figures, which are presented
in Figure 8.20 — Figure 8.27.

The comparison of the voltage waveforms measured across the operated switch us for the
considered methods is shown in Figure 8.20.
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Figure 8.20. The waveforms of the measured voltage across the operated switch for the
different methods limiting the electric arc

As shown in Figure 8.20, all measured voltages start to increase at the same time, when the
contacts of the operated switch start to separate. At the beginning, the shape of the arcing
voltage is the same for all of the considered methods. All measured arcing voltages (except
for the voltage measured during the hybrid switching) increase up to about 120-135 V. The
differences are caused only by the specified repeatability of the processes taking part in the
formulation of the electric arc during the current interruption.

As it is shown in Figure 8.20, only the application of the hybrid switching causes the
noticeable limitation of the arcing voltage — from about 120 V up to about 20 V. During the
hybrid switching, the arcing voltage takes only about 35 ps until its value exceeds the minimal
operating voltage of the applied SSR (in practice about 20 V). At this time, the entire current
commutes into the semiconductor branch, so as a consequence, the voltage measured across
the operated switch achieves the on-state voltage of the applied SSR. This state takes until the
value of the commuted current decreases up the minimal holding current of the applied SSR.
From this moment, the current stops flowing in the tested circuit, and the TRV appears
between the contacts of the operated switch. The application of the hybrid switching causes
limitation of the electric arc voltage up to about 20 V (about 83%), but the TRV peak value
has larger value in comparison to the situation when the current is interrupted by the
standalone switch (631 V instead of 502 V, thus about 26% greater). However, in both
analyzed cases, the absolute value of the TRV is comparable (about 620-630 V). The
application of the SSR in parallel to the operated switch causes also the frequency of the TRV
oscillations to decrease.

The voltage waveforms of the measured voltages across the operated switch with the zoomed
TRV for the different considered methods are presented in Figure 8.21.
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Figure 8.21. The waveforms of the measured voltage across the operated switch for the
different methods limiting the electric arc

As shown in in Figure 8.21, the frequency of the TRV oscillations depends on the application
of the considered method to limit the electric arc energy. In the case, when the parallel branch
connected to the operated switch starts to commutate during the current interruption, the
energy stored in the inductive load of the tested circuit can be de-energized through the
parallel branch, which as a consequence causes the TRV oscillations to limit. The significantly
smaller frequency of the TRV oscillations can be observed especially during the application
of the RC arc suppressor and the application of the hybrid switching.

The comparison of the measured current waveforms is of the operated switch for the all
considered methods applied to limit the electric arc are presented in Figure 8.22.
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Figure 8.22. The waveforms of the measured currents of the operated switch for the
different methods limiting the electric arc

As shown in Figure 8.22, the all measured current waveforms are very similar in the shape
(except for the current measured during the hybrid switching). The current measured for the
situation, when the RC suppressor is connected in parallel to the operated switch achieves the
zero-crossing slightly earlier in comparison to other waveforms. It can be visible, that the
current waveforms measured for the base case, the VDR, the ZVL, the TVS practically
overlap with each other.

On the other hand, during the hybrid switching, the current of the operated switch reaches the
zero-crossing almost immediately after the contact separation of the operated switch. Thus,
the presented waveforms correspond to the measured arcing times listed in Table 8.2

The waveforms of the commuted currents into the external branches ig for the different
considered methods applied to limit the electric arc are shown in Figure 8.23. The presented
waveforms were measured during the current interruption.
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Figure 8.23. The waveforms of the measured currents commutated into the external branch
for the different methods limiting the electric arc

As shown in Figure 8.23, the current of the operated switch commutes into the external branch
only in two cases: when the RC suppressor is connected in parallel to the operated switch, as
well as, during the hybrid switching. The current does not commute during the connection of
the ZVL, the VDR, and the TVS in parallel to the operated switch during burning the electric
arc. The application of the RC arc suppressor allows to commutate only the single current
peaks just after the contact separation, which as a consequence limits the electric arc energy
only slightly. Moreover, the application of the RC arc suppressor causes appearance of the
current oscillations after quenching the electric arc. The application of the RC suppressor
makes the de-energization of the energy stored in the inductive load through the parallel
branch possible. On the other hand, the current starts to commute into the semiconductor
branch almost immediately after the time of the contact separation while the hybrid switching.

The calculated waveforms of the electric arc power pa, as well as, the comparison of the
calculated waveforms of the external branches power pg are presented respectively in Figure
8.24 and in Figure 8.25. The presented waveforms were calculated, according to the
description presented in the section 6.1.2.
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Figure 8.24. The waveforms of the calculated powers of the electric arc for the different
methods limiting the electric arc
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The waveforms of the calculated powers presented in Figure 8.24 — Figure 8.25 show the
similar trend with conclusions for the effectiveness of the considered methods that could be
also visible in Figure 8.23 — Figure 8.24. For this reason, the detailed analysis of the
waveforms of the electric powers is omitted in this section.

The waveforms of the electric arc energies ea, as well as, the waveforms of the energies
generated at the external branches es were calculated and presented respectively in Figure
8.24 — Figure 8.25. The calculations were performed based on data presented in Figure 8.26,
and in Figure 8.27 according to the description presented in the section 6.1.2.
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Figure 8.26. The waveforms of the calculated energies of the electric arc for the different
methods limiting the electric arc

As shown in Figure 8.26, the conclusions from the previous part of this section can be
confirmed. The application of the RC suppressor provides the limitation of the electric arc
only slightly. The only method providing the effective limitation of the electric arc energy is
the hybrid switching.

The comparison of the waveforms of the energies generated at the external branches egs
connected in parallel to the operated switch is presented in Figure 8.27.
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Figure 8.27. The waveforms of the calculated energies absorbed by the external branch for
the different methods limiting the electric arc

As shown in Figure 8.27, the largest amount of the electric arc energy was absorbed by the
SSR during the hybrid switching. In the situation, when the RC suppressor is connected in
parallel to the operated switch, only the small amount of the energy is dissipated across the
RC suppressor. Another considered branches, such as: the VDR, the ZVL, and the TVS do
not absorb the energy during the entire current interruption. On the other hand, during the
hybrid switching, the interrupting current is_ns sse commutes into the parallel branch almost
immediately after the contact separation, and the p-n junction resistance of the SSR is
significantly lower than the resistance of the electric arc. For this reason, the application of
the hybrid switching allows to limit significantly the electric arc energy, simultaneously with
the very small energy absorbed by the semiconductor branch connected in parallel to the
operated switch.
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The waveforms illustrating the calculated electric arc resistance ra sso and the current of the
operated switch is_sse, when the standalone switch interrupts the current in the tested circuit
are presented in Figure 8.28.
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Figure 8.28. The calculated electric arc resistance and the measured current
of the standalone switch during the current interruption

As illustrated in Figure 8.28, the contacts of the operated switch start to open just before
1% ms. At this time, the electric arc resistance achieves rapidly about 1 Q. For next 5 ms, the
electric arc resistance increases slightly up to about 3 Q. Then, since 6™ ms, the electric arc
resistance ra_sse rapidly increases, which causes the current is_ssc at 8 ms to interrupt.

The character of the electric arc resistance is significantly different during the hybrid
switching. Waveforms of the electric arc resistance ra_ws_ss;, the semiconductor resistance
re_ns_sse and the measured currents is ws sse and is ws sso during the hybrid switching are
presented in Figure 8.29.
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Figure 8.29. Waveforms of calculated resistances
measured currents during hybrid switching

As shown in Figure 8.29, the electric arc resistance ra ns_ss reaches about 0.6 Q just after the
contacts separation and after next 30 s, the resistance ra_ws_sse starts to rapidly increase up.
At the same time, the resistance of the semiconductor branch rg_ns ss rapidly decreases, and
the current is_ns sso Starts to commute into the semiconductor branch. Finally, the resistance of
the semiconductor branch rg ns sse is significantly lower in comparison to the electric arc
resistance ra_ws_sse during the current interruption, and the semiconductor branch takes over
the entire interrupted current. Just before the expected current zero-crossing is ns s (above
the minimal holding current of the applied SSR), the resistance of the semiconductor rg s ss
rapidly increases, and as a consequence, the current stops flowing in the tested circuit.
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9

9.1

Analysis of the Effects of Electric Arc
Limitation

This chapter presents an analysis and a discussion on the effects of the considered methods
for the limitation of the electric arc. In order to indicate direct differences in the effectiveness
of the limitation of the electric arc for the different considered methods, the following features
of the electric arc are compared in this section:

the measured arcing times,

the calculated electric arc energy,

the calculated dynamic V-I characteristics of the electric arc,

Thus, the Voltage-Current characteristics of the electric arc, the comparison of the measured
arcing times, as well as, the comparison of the calculated electric arc energies are presented
in this section for all of the considered methods to compare the effectiveness of the limitation
of the electric arc. Whereby, it was possible to indicate the influence of the application of the
analyzed method on the effectiveness of the limitation electric arc. The analyses were
performed for both voltage levels of the voltage source supplied the tested circuit (12 V and
230 V) to distinguish the effectiveness of the considered methods in both tested cases.

In this section, only the summary analysis is performed for selected, above-mentioned
features of the electric arc to highlight the summary conclusions. The comparison of the
measured and calculated waveforms of other analyzed magnitudes (such as: the measured
currents, the measured voltage across the operated switch, the electric arc power, the power
generated at external branch, the electric arc absorbed by external branch, the electric arc
resistance, the resistance of external branch) were presented in the section 7.4 for the tested
circuit supplied by the 12 V voltage source, as well as, in the section 8.4 for the tested circuit
supplied by the 230 V voltage source. The analyses of the other magnitudes presented in these
sections also confirm results of the analysis shown inhere.

Measurement Results Performed at 12 VV

This section presents the analysis of the effects of the limitation of the electric arc for the
considered methods applied to limit the electric arc energy in the tested circuit supplied by
the 12 V supply voltage.

The analysis was conducted both for the time-controlled contact separation performed at the
precise angle of the current period, as well as, for the connection of the external parallel
branches into the operated switch, including also the hybrid switching method. The obtained
measurement results were analyzed and discussed in details in the next part of this section.

9.1.1 Time-Controlled Contact Separation performed at Precise Time Slot of the

Current Period

According to the description presented in the previous part of the thesis, performing the
contact separation at the defined angle of the current period influences meaningfully on the
arcing time and the electric arc energy in the tested circuit. Thus, performing the contact
separation in controlled way due to the most appropriate time for the contact separation can
lead to significant limitation of the electric arc. In order to compare the values of the electric
arc times and the calculated electric arc energies for the different times of the contact
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separation, data from Table 7.1 were taken and presented in the form of the column charts in

Figure 9.1.
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Figure 9.1. The column chart illustrating electric arc energies (a) and the electric arc times
(b) for the contact separation performed in various times of the current period at 12 V

As shown in Figure 9.1.a, the electric arc energy is the smallest (less than 1 mJ) during the
current interruption performed just before the current zero-crossing, whereas the highest value
of the electric arc energy (51 mJ) occurs during the current interruption at the current extreme.
The values of the electric arc energy during the contact separation at 35° and at 145° are
comparable (respectively 25 mJ and 15 mJ). The same trend can be observed for the arcing
times duration, which can be also visible in Figure 9.1b. Thus, when the contacts of the
operated switch are separated just before the current zero-crossing, the current can be
interrupted in the very short time.

In order to perform the detailed analysis of phenomena taking the part during creation of the
electric arc at the time of the current interruption process, the dynamic voltage-current
characteristics of the electric arc were calculated based on the waveforms of the interrupted
current and the arcing voltage presented in the section 7.1. The calculated dynamic voltage-
current characteristics for the time-controlled contact separation performed at the precise time
slot of the current period are presented in Figure 9.2.
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Figure 9.2. The V-1 characteristics of the electric arc, the contact separation was performed
at 12 V supply voltage at the angle of the current period: a) 359 b) 90¢, c) 145°,
d) just before 0°
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The direction of the development of the arcing voltage (from the time of the contact separation
to time, when the electric arc quenches) is marked by means of the red arrows in each of the
presented characteristic in Figure 9.2.

As shown in Figure 9.2, when the contacts of the operated switch start to separate just before
the current zero-crossing, the arcing voltage does not exceed 20 V, however, when the
contacts are separated at the current extreme, the arcing voltage can achieve even 130 V.
When contacts are open at 35° and 145° of the current period, the arcing voltage achieves
respectively 100 V and 30 V. Thus, the similar trend (in the comparison to Figure 9.1) can be
also observed at the arcing voltage.

As shown in Figure 9.2, the arcing voltage can achieve significant values in the comparison
to the maximum voltage peak value at 12 V of the supply voltage (about 17 Vpea). Figure
9.2b shows the worst case, when the arcing voltage achieves 130 V just before the current
zero-crossing. The arcing voltages impacts significantly on the deformation of the current
curve (according to the description presented in the section 3.3.2). For this reason, the current
tends to the zero-crossing with the high steepness, independently of the time of the contact
separation. This phenomenon is related to weak ionization conditions of the gas localized
between the separated contacts of the operated switch: the relatively small value of the electric
field, as well as, the small instantaneous value of the interrupting current, insufficient to
achieve the significant temperature rise between the contact surface, which is necessary to
obtain the powerful gas ionization (according to the description presented in chapter 3). The
design of the operated switch to interrupt current has also the influence on the shape of the V-
| arc characteristics — the electric arc is divided into two shorter arcs in both quenching
chambers, which improves the cooling down parameters of the electric arc (see Figure 6.3).
The averaged velocity of the contact separation is about 1 m/s, which also makes the good
conditions for quick lengthening and cooling down the electric arc, which is reflected in the
high resistance of the electric arc. These reasons impact the V-I electric arc characteristics
through increasing the electric arc resistance rapidly that is a source of the significant arcing
voltage and undesirable switching overvoltages in the tested circuit. This phenomenon can be
especially observed in the TRV peaks (see Table 7.1). The values of overvoltages in the tested
circuit exceed even 50 times (848 V) in the comparison to the voltage peak value at the steady
state (about 17 V). The creation of significant overvoltages in arcing voltage is caused by the
high value of the di/dt steepness (caused by the rapidly increasing high resistance of the
electric arc) that is observed just after the contact separation. The creation of the significant
overvoltages in the TRV is related to the energy stored in the inductive coil, which tends to
discharge as soon as possible after the contact separation of the operated switch.

Thus, it can be concluded, that the control of the contact separation time in the reference to
the instantaneous value of the interrupted current has the significant influence on the arcing
time and the electric arc energy during the current interruption process. The application of the
time-controlled contact separation can almost totally limit the electric arc energy (in the
performed researches, this method allows to limit the electric arc energy from 51 mJ to 0.1 mJ
for the two extreme cases, thus more than 99%). This method is also very helpful to limit the
switching overvoltages, which can be also observed in the reduction of the TRV peak (from
848 V to 293 V for the two considered extreme cases).

However, in the practical implementation of the considered method, there could be a problem
related to dispersion of the inertial delay time of the electromechanical drive of the operated
switch. All of the researches presented in this thesis were performed at the similar
environmental conditions. Therefore, the dispersion value of the inertial delay time of the
electromechanical drive was always shorter than 1 ms. For this reason, it can be concluded
that the implementation of this method at the constant environment conditions can limit the

137



energy arc significantly with the good reproducibility, when the inertial delay time of the
electromechanical drive of the operated switch is known and repeatable. In order to perform
the effective limitation of the electric arc energy, the contact separation should be always
realized at least 1 ms before the expected zero-crossing of the interrupted current. In the
practical maintenance of the operated switch, when the environment conditions can be
variable, the presented method can provide different results due to the dispersion of the inertial
delay time of the electromechanical drive of the operated switch. For this reason, the analysis
of methods providing the limitation of the electric arc independently of the external factors is
presented in the section 9.1.2.

9.1.2 Connection of the External Parallel Branches into the Operated Switch

According to the measurement results presented in the section 7.2, the connection of the
different considered parallel branches into the operated switch can influence meaningfully on
the arcing time, as well as, the electric arc energy. The electric arc energies and the arcing
times for considered methods of the limitation of the electric arc (such as: the RC arc
suppressor, the Voltage-Dependent Resistor, the Transient Voltage Suppressor, the Zener
Voltage Limiter, as well as, the hybrid switching) are presented in Figure 9.3-Figure 9.4 based
on the data taken from Table 7.2.
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Figure 9.3. The calculated values of the electric arc energy
for the different methods of the electric arc limitation, the data are taken from Table 7.2

As shown in Figure 9.3, the electric arc energy is limited in the different way depending on
the selected method applied for this purpose. It can be concluded, that the least effective
method for limiting the electric arc is the connection of the RC arc suppressor in parallel to
the contacts of the operated switch (in this situation, the electric arc energy is limited only
about 7 mJ, thus, it is only about 14% in comparison to the situation, when the operated switch
interrupts the current as the standalone one).

The limitation of the electric arc energy through the application of the nonlinear voltage
component in parallel to the operated switch is possible in this case, due to the significant
value of the arcing voltage during the current interruption, greater than the value of the voltage
supply source at the steady state. Thus, the current commutation is possible in this situation,
because the nonlinear components start to conduct when arcing voltage exceeds the minimal
operating voltage that has to be greater than the voltage peak of the voltage source at the
steady state. The application of the nonlinear voltage components such as the Voltage-
Dependent Resistor (VDR), the Transient Voltage Suppressor (TVS), and the Zener Voltage
Limiter (ZVL) allows to limit the electric arc in the different way, better than the application
of the RC arc suppressor. The differences in the level of the limited electric arc energy are
related to the different parameters of the applied nonlinear voltage components (according to
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the description presented in the section 6.3). In practice, the considered nonlinear voltage
components start to conduct at the different voltage levels, with the different resistance level,
and for this reason, the total amount of the absorbed energy is different for each of the
considered components. The electric arc energy was limited in the smaller way, when the
VDR was connected to the contacts of the operated switch. On the other hand, the application
of the ZVL proved to be the most effective passive method to limit the electric arc energy
among the all analyzed nonlinear voltage components. However, the method giving the best
results for the limitation of the electric arc among all of the analyzed methods in the thesis
proved to be the application of the hybrid switching.

The application of the hybrid switching in the tested circuit supplied by the 12 V voltage
source allows to limit the electric arc energy from 50 mJ up to 0.6 mJ, which is about 99% in
reference to the situation, when the operated switch interrupts the current as the standalone
one. These good results are caused by the connection of the semiconductor branch with the
small on-state resistance in parallel to the operated switch, which is fully-controlled by the
microprocessor system. For this reason, the current commutation into external branch can be
performed incomparably faster in reference to other considered methods, which causes
significant limitation of the electric arc energy, and absorption of the small amount of the
energy by the semiconductor branch. Thus, it can be concluded that the hybrid switching is
the method providing the best results for the limitation of the electric arc in this situation.

The electric arcing times measured for the different method applied to limit the electric arc,
are presented in Figure 9.4, according to the data listed in Table 7.2.
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Figure 9.4. The electric arcing times presented for the different methods
of the electric arc limitation, the data are taken from Table 7.2

As shown in Figure 9.4, similar trend with Figure 9.3 can be also observed inhere. The least
effective method for the limitation of the electric arc is the connection of the RC arc
suppressor in parallel to the operated switch (it provides the reduction of the arcing time from
1080 psto 912 ps, so only about 16% in comparison to the situation, when the operated switch
interrupts the current as the standalone one). On the other hand, the method providing the best
results is the hybrid switching (this solution provides limitation of the arcing time from
1080 ps to 35 ps, so about 99%).

In order to perform a detailed analysis of the electric arc phenomena during the current
interruption process for the considered methods applied to limit the electric arc, the dynamic
voltage-current characteristics of the electric arc were calculated. For this purpose, data taken
from the waveforms presented in the section 7.2 were used. The dynamic voltage-current
characteristics calculated for the connection of the different parallel branches in parallel to the
operated switch are presented in Figure 9.5. The level of the peak voltage, which appears at
the steady state between the contacts of the operated switch is marked as the blue line in
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Figure 9.5a. The direction of the development of the arcing voltage (from the time of the
contact separation to time, when the electric arc quenches) is marked by means of the red
arrows in each of the presented characteristic.
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Figure 9.5. The dynamic V-1 characteristics of the electric arc, the contact separation was
performed at 90° of the current period, the characteristics were calculated for the following
considered cases: a) the base case, b) the RC suppressor, c) the Voltage-Dependent
Resistor, d) the Transient Voltage Suppressor, e) the Zener Voltage Limiter,
f) the hybrid switching

As shown in Figure 9.5, the arcing voltage can be limited differently, in the dependence of
the chosen considered method. The all calculated characteristics presented in Figure 9.5 show
the case, when the contacts of the operated switch start to separate during the current extreme,
due to the expected greater electric arc energy in comparison to other considered cases
(according to the description presented in the previous part of the thesis). Figure 9.5a presents
the base case, when the current is interrupted by the standalone switch. The value of the peak
voltage at the steady state was marked by blue line (Unpeak = 17 V). The arcing voltage in this
case reaches about 130 V, thus over 7 times more than the voltage peak of the supply source
at the steady state.

As illustrated in Figure 9.5b, the connection of the RC arc suppressor in parallel to the
operated switch can limit the arcing voltage only partially (the maximum arcing voltage is
limited up to about 75 V, thus about 42%). The current commutates into the RC branch only,
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9.2

when the arcing voltage reaches the high steepness dU/dt, which can be also observed in
Figure 7.9b. Based on data listed in Table 7.2, the application of this method can limit the
arcing time in the analyzed case by about 16%, and the electric arc energy by about 14%.
Thus, it can be concluded that this method can influences limitation of the electric arc only
slightly. However, in some cases, the connection of the RC arc suppressor in parallel to the
operated switch can be worth considering due to its application simplicity, as well as, the low
cost of this method.

Figure 9.5c-Figure 9.5e show the situation, when the nonlinear-voltage component is
connected in parallel into the operated switch. In dependence on the minimal operating
voltage of the applied component, the considered parallel branch starts to commute the current
at the various voltage levels, providing different influence on the limitation of the electric arc.
Among all of the considered methods, the method providing the most satisfactory results is
the connection of the Zener Voltage Limiter in parallel to the operated switch. In this case,
the arcing voltage is limited up to about 22 V (about 83%), which also provides limitation of
the arcing time by about 92% and limitation of the electric arc energy by about 97%. In
contrast to this situation, the connection of the Voltage-Dependent Resistor into the operated
switch causes limitation of the arcing voltage only to about 49 V (by about 62%), and provides
limitation of the arcing time by about 62%, and the limitation of the electric arc energy by
about 61%.

Figure 9.5b-Figure 9.5e present the V-1 characteristics of the electric arc calculated for the
passive methods limiting the electric arc (which do not require the external power supply).
However, among all analyzed approaches, the most effective proved to be the hybrid
switching providing the most satisfactory results. Figure 9.2f presents the V-1 characteristic
of the electric arc calculated for the hybrid switching. In this case, the current starts to
commutate into the external branch, when the arcing voltage exceeds the minimal operated
voltage of the applied Solid State Relay (for this reason, the arcing voltage is limited up to
22 V, so about 83%). This provides the limitation of the arcing times by about 98% and the
electric arc energy by about 99%.

Measurement Results Performed at 230 V

This section presents the analysis of the effects of the limitation of the electric arc for the
considered methods applied to limit the electric arc energy in the tested circuit supplied by
the 230 V supply voltage.

The analysis was conducted both for the time-controlled contact separation performed at the
precise angle of the current period, as well as, for the connection of the external parallel
branches into the operated switch, including also the hybrid switching method. The obtained
measurement results were analyzed and discussed in details in the next part of this section.

9.2.1 Time-Controlled Contact Separation performed at Precise Time Slot of the

Current Period

According to the description presented in the previous part of the thesis, performing the
contact separation at the defined angle of the current period influences on the arcing time and
the electric arc energy meaningfully. Thus, performing the contact separation in controlled
way due to the most appropriate time for the contact separation can lead to significant
limitation of the electric arc.

In order to compare the measured values of the electric arc times and the calculated electric
arc energies for the different contact separation times, data were taken from Table 8.1 and
presented in the form of the column charts in Figure 9.6.
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Figure 9.6. The column chart illustrating electric arc energies (a) and the electric arc times
(b) for the contact separation performed in various times of the current period at 230 V

As shown in Figure 9.6a, the electric arc energy is the smallest (less than 10 mJ) during the
contact separation performed just before the current zero-crossing, whereas the higher value
of the electric arc energy (almost 8 J) can be noticeable during the contact separation
performed at 35° of the current period. The values of the electric arc energy for the contact
separation performed at 90° and at 145° of the current period were calculated respectively as
4.62 Jand 0.73 J. Thus, it can be concluded, that the electric arc energy is the smallest, when
the contacts are separated after the current extreme, while the current tends to its natural zero-
crossing. The same trend can be observed in case of the analysis of the arcing times duration,
which can be visible in Figure 9.6b. The character of the column charts presented in Figure
9.6a-Figure 9.6b is very similar.

In order to perform the detailed analysis of electric arc phenomena during the current
interruption process, the dynamic voltage-current characteristics of the electric arc were
calculated based on the waveforms of the interrupted current and the arcing voltage presented
in the section 8.1. The calculated voltage-current characteristics for the time-controlled
current interruption at the precise time slot of the current period are presented in Figure 9.7.
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Figure 9.7. The dynamic V-1 characteristics of the electric arc, the contact separation was
performed at 230 V supply voltage at the angle of the current period: a) 35°, b) 90°,
c) 145°, d) just before 0°
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The development of the creation of the arcing voltage (from the time of the contact separation
to time, when the electric arc quenches) is marked by means of red arrows in each of the
presented characteristic in Figure 9.7.

As shown in Figure 9.7a-Figure 9.7c, the arcing voltage achieves the maximum value about
120 Vin analyzed cases, when the contacts are separated at 35°, 90° and at 145° of the current
period. In opposite to these situations, the maximum observed arcing voltage is significantly
lower (about 40 V), when the contacts of the operated switch start to separate just before the
natural current zero-crossing (Figure 9.7d). Thus, it can be concluded that the shape of the
observed V-1 characteristics depends on the time of the contact separation of the operated
switch.

When the contacts of the operated switch start to separate at 35° of the current period, while
the instantaneous value of the current increases after the contact separation, the current still
increases up to about 30 A together with the arcing voltage (50 V) up to time of the expected
current extreme. In the analyzed circuit during the steady state, when the contacts of the
operated switch are closed and the current flows thorough the inductive load, the current peak
value is about 35 A. The difference 5 A between both peak values is caused by the presence
of the resistance of the electric arc during the current interruption. Just after the current
extreme, the current starts to tend to its zero-crossing. During this process, the arcing voltage
still increases up to about 120 V, up to the time, when the current achieves its zero-crossing.
This phenomenon is related to more intensive (in comparison to the situation presented in the
section 9.1.1) ionization conditions of the gas located between contacts in the arc column: the
relatively greater value of the electric field, as well as, the greater instantaneous value of the
interrupting current, resulted in achieving the higher rise of the temperature around the contact
surface, which is necessary to obtain the more intense gas ionization (according to the
description presented in the chapter 3). In this case, the electric arc burns more intensively
and stably, which influences the electric arc resistance that is much lower in comparison to
situation, when the operated switch interrupts current in the tested circuit supplied by the 12 V
voltage source. Smaller arc resistance also caused a situation when the observed di/dt
steepness after the contact separation is significantly lower in comparison to the situation,
when the current interruption is performed in the tested circuit supplied by the 12 V voltage
source. In this considered case, the electric arc resistance increases more slight after the
contact separation. For this reason, the longest arcing time and the greatest electric arc energy
can be noticeable, when the contacts of the operated switch are separated at 35° of the current
period in the analyzed circuit (according to Table 8.1). Thus, during the most intensive
ionization of gas, the value of the electric arc resistance is smaller, and the electric arc burns
longer, and the observed current curve after the contact separation is not deformed
significantly in comparison to measurement results presented in chapter 7. The smaller arc
resistance also influences smaller arcing voltage. Thus, the maximum observed arcing voltage
does not exceed even the half of the voltage peak of the supply voltage at the steady state
(Us_peak = 325V). This is the important difference in comparison to the observed arcing
voltages in the tested circuit supplied by the 12 V voltage source, when the arcing voltage
achieves over 10 times in comparison to the voltage peak of the supply voltage at the steady
state.

The V-1 characteristics of the electric arc presented in Figure 9.7b and Figure 9.7c are very
similar in the shape. Thus, when the contacts of the operated switch open, while the
instantaneous value of the interrupting current decreases, the arcing voltage also increases
similarly. In this case, the steepness of the increasing arcing voltage depends on the value of
the interrupted current, when the contacts of the operated switch start to separate.
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Thus, it can be concluded, that the time of the contact separation performed in reference to
the instantaneous value of the interrupted current has the significant influence on the arcing
time and the electric arc energy during the current interruption process. The application of
this method can limit the electric arc energy almost totally (in the performed researches, this
method allows to limit the electric arc energy from 7.97 J to about 0.10 J for the two extreme
cases, thus about 99%). Thus, it can be concluded, that in this situation, the most favorable
time for the contact separation is observed just before the natural current zero-crossing. This
can be also noticeable in Figure 9.7d, where the arcing voltage does not exceed even 40 V.

However, according to the description presented in the section 9.2.1, the application of the
considered method in practical implementation with the recurrent effectiveness could be
problematic. For this reason, the analysis of methods providing the limitation of the electric
arc independently of external factors is presented in the section 9.2.2.

9.2.2 Connection of the External Parallel Branches into the Operated Switch

Similarly to the analysis presented in the section 9.1.2, which was performed for the
measurement results for 12 V of the supply voltage in the tested circuit, the influence of the
connection of the different parallel branches in parallel to the operated switch (according to
the measurement results presented in the section 8.2.) was investigated inhere for the tests
performed in the circuit supplied by the 230 V the supply voltage.

The electric arc energies and the arcing times for the considered methods of the limitation of
the electric arc were presented in Figure 9.8-Figure 9.9 respectively, based on the data taken
from Table 8.2.
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Figure 9.8. The calculated values of the electric arc energy
for the different methods of the electric arc limitation, the data are taken from Table 8.2
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As shown in Figure 9.8, the electric arc energy is comparable for the following cases: base
case, the RC suppressor, the VDR, the TVS, the ZVL. As it can be noticeable, the application
of the RC arc suppressor allows to limit the electric arc energy only slightly (about 680 mJ,
so over 8%) in comparison to the situation, when the current was interrupted in the analyzed
circuit by the standalone switch. Only a small amount of the current is commuted into the RC
suppressor branch just after the contact separation of the operated switch.

The connection of the VDR, the TVS and the ZVL in parallel to the operated switch does not
limit the electric arc energy even slightly. This is observed, because the arcing voltage is
significantly below their minimal operating voltages. For this reason, the commutation
process is not possible at time, when the electric arc burns between the contacts of the operated
switch. Thus, the VDR, the TVS, as well as, the ZVL connected in parallel to the operated
switch start to conduct in the tested circuit only after the current zero-crossing, when the TRV
exceeds their minimal operating voltages. The noticeable small differences in the calculated
electric arc energies for the following cases: the base case, and the connection of the VDR,
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the TVS and the ZVL in parallel to the operated switch are caused only by the random
phenomena taking the part in the physical process of the formation of electric arc between the
contacts of the operated switch.

The method providing the satisfactory results for the limitation of the electric arc is the hybrid
switching (in this situation, the electric arc energy is reduced from 7.97 J up to 6 mJ, which
is about 99.9% in reference to the base case). These good results are caused by the connection
of the semiconductor branch in parallel to the operated switch, which is fully-controlled by
the microprocessor system. Thus, it can be concluded that the hybrid switching is the only
method providing satisfactory results for the limitation of the electric arc.

The electric arcing times for the considered methods of the limitation of the electric arc are
presented in Figure 9.9 based on data listed in Table 8.2.

RC VDR TVS ZVL

Hybrid
suppressor switching

Electric arc time [ms]
S = N W kR Y W]

Base case

Figure 9.9. The calculated values of the electric arcing times
for the different methods of the electric arc limitation, the data are taken from Table 8.2

As shown in Figure 9.9, the similar trend with Figure 9.8 can be also observed. The connection
of the RC arc suppressor in parallel to the operated switch limits the arcing times only slightly
(it provides the reduction of the arcing time from 7.222 ms to 7.078 ms, so about 2%). The
method providing the significant limitation of the acing time is the hybrid switching (this
method provides limitation of the arcing time from 7.222 ms to 35 ps, so about 99.5%).

Based on the data presented in Figure 9.8-Figure 9.9, it can be concluded that the hybrid
switching is the most effective method providing the best results for the limitation both of
electric arc energy, as well as, the electric arcing time in the tested circuit supplied by the
230 V voltage source.

In order to perform a detailed analysis of the electric arc phenomena during the current
interruption process for the considered methods applied to limit the electric arc, the voltage-
current characteristics of the electric arc were calculated. For this purpose, data taken from
the waveforms presented in the section 8.2 were used. The calculated dynamic voltage-current
characteristics for the connection of the different parallel branches in parallel to the operated
switch are presented in Figure 9.10. The level of the peak voltage, which appears at the steady
state between the contacts of the operated switch is marked as the blue line in Figure 9.10a.
The direction of the development of the arcing voltage (from the time of the contact separation
to time, when the electric arc quenches) is marked by means of the red arrows in each of the
presented characteristic.
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Figure 9.10. The dynamic V-I characteristics of the electric arc, the contact separation was
performed at 230 V supply voltage at 35° of the current period, the characteristics were
calculated for the following considered cases: a) the base case, b) the RC suppressor, c) the
Voltage-Dependent Resistor, d) the Transient Voltage Suppressor, e) the Zener Voltage
Limiter, f) the hybrid switching

As shown in Figure 9.10a - Figure 9.10e, the V-I characteristics of the electric arc are
characterized by the similar shape, the arcing voltage increases up to about 120-130 V. The
voltage peak value in the tested circuit during the steady state, when the contacts of the
operated switch is about 325 V, which was illustrated in Figure 9.10a.

The connection of the RC suppressor in parallel to the operated switch practically does not
influence on the V-1 characteristic of the electric arc, which can be observed in Figure 9.10b.
The small amount of the current is commutated into the external branch, which is not reflected
in the shape of V-1 characteristic of the electric arc.

The connection of the nonlinear voltage components, such as: the VDR, the TVS, and the
ZVL in parallel to the operated switch does not impact on the V-1 characteristics of the electric
arc in any way. Each of these voltage-dependent components start to conduct the current,
when the voltage across the operated switch achieves the overvoltage greater than their
minimal operating voltages which have to be greater than the peak voltage of the supply
voltage source during the steady state. On the other hand, in this case, the arcing voltage does
not exceed even the half of the peak voltage of the voltage source during the steady state. For
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this reason, the considered nonlinear voltage components do not take part in the commutation
process. The considered nonlinear components start to conduct only for short time just after
guenching the electric arc, when the TRV value exceeds their minimal operating voltages.
Therefore, in the analyzed circuit supplied by the 230 V voltage source, the application of the
VDR, the TVS, and the ZVL in parallel to the operated switch does not influence on the V-I
characteristics, as well as, the limitation of the electric arc energy during the current
interruption process. The slight differences in the observed V-1 characteristics for these cases
are caused only by random phenomena taking part in a physical process of the electric arc
formulation. Thus, it can be concluded, that in this case, the nonlinear voltage components
only perform the function of the overvoltage protection.

Thus, the only method that is able to limit the electric arc energy effectively in this situation
is the application of the hybrid switching. As shown in Figure 9.10f, the V-1 characteristic of
the electric arc is completely different in comparison to the characteristics presented in Figure
9.10a-Figure 9.10e. During the hybrid switching, the interrupting current starts to commutate
into the external branch when the arcing voltage exceeds the minimal operated voltage of the
applied Solid State Relay (thus, in practice, the arcing voltage does not exceed about 20 V, so
it is limited about 84%). The application of the hybrid switching method provides limitation
of the arcing times about 99.5% and the electric arc energy about 99.9%.
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10 Observations of the Limitation of the Electric
Arc Performed by the High Speed Camera

In order to investigate the formulation of the electric arc between the contacts of the operated
switch, the researches were performed by means of the High Speed Camera. This device
allows to register the movies in the slow motion.

According to the detailed plan presented in the section 6.5, the observations of the formulation
of the electric arc between the contacts of the operated switch were performed for the two
cases:
the current was interrupted in the tested circuit by means of the standalone operated
switch,
the current was interrupted in the tested circuit by means of the operated switch with
implemented hybrid switching system (see the section 6.4 for details).

The observations were performed for the contact system of the operated switch during the
current interruption. The simplified diagram of the single-pole contact system of the operated
switch is presented in Figure 6.3. The different stages of the contact movement can be visible
in the registered frames. The observations were performed for the time, when the contacts of
the operated switch start to separate, up to the time, when the contacts of the operated switch
become to be fully opened.

The observations were performed in the tested circuit supplied at 230 V, when the contacts of
the operated switch start to separate at 35° of the current period. These conditions were
selected to the observations of the contact system due to the greater value of the energy arc
during the current interruption process among the all analyzed cases (see the section 7.4 and
the section 8.4 for the more details). For this reason, the registered differences for the two
compared situations can be highlighted.

The key features of the High Speed Camera (AOS Technologies, type AG Q-MIZE) [9] used
to the observations, as well as, the description of the modification of the operated switch (a
sidewall of the relay housing were removed, whereby the contact system of the operated
switch could be visible to perform the observations, see Figure 6.11 for the details) were also
presented in the section 6.5.

In this chapter, the pictures presented as the single frames from the registered movies in slow-
motion are shown. The registered movies are placed in the Compact Disc, which is attached
to the thesis.

10.1 Registration of the Formulation of the Electric Arc in the Standalone
Switch

Figure 10.1 presents the frames registered during the current interruption performed by the

standalone switch. The presented inhere frames illustrate the contact system of the standalone
operated switch at the different stages of the movement of the contacts.
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Figure 10.1. The contact system (a); waveforms of the current is and the voltage us with
marked number of frames (b), (c); the contact system registered by the High Speed Camera
at the different stages of the contact movement (d)-(0). Frames registered for the standalone

switch, the contacts start to separate at 35° of the current period at 230 V
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Figure 10.1a shows the contact system of the operated switch (according to Figure 6.13).
Figure 10.1b presents measured current (green) and arcing voltage (red) during current
interruption together with marked reference to registered frames. Zoomed waveform of arcing
voltage at the time when the electric arc starts to burn and the bridge explodes is presented in
Figure 10.1c.

Figure 10.1d presents the closed contacts of the operated switch just before the time, when
the contacts start to separate (the entire current of the tested circuit flows through the closed
contacts).

Figure 10.1e illustrates the situation, when the contacts start to separate. The moveable contact
(see Figure 6.3) starts to move not simultaneously, so as a consequence, the bridge explodes
and the electric arc burns firstly in the one of the two quenching chambers, which was marked
as the white frame in Figure 10.1e. Time of burning the electric arc between contacts that
were placed in first chamber takes about 35 ps.

Just after that, the contacts continue its movement, and second bridge explodes (white frame
in Figure 10.1f), which as a consequence leads to burning the electric arc in the second
guenching chamber. This phenomenon causes the stair-shape of the arcing voltage at the
beginning of the all measured voltage waveforms across the operated switch for the all
performed measurements presented in the thesis.

Figure 10.1g-Figure 10.1i show how the electric arc starts to burn more intensely (which can
be observed as a form of expanding arc column), up to the time, when the interrupting current
achieves its extreme value. When the current is maximal (Figure 10.1i), strong process of
evaporation of electrodes can be observed. Moreover, formation of the intense plasma channel
that is created from connected anode flux and cathode flux can be observed. At this time,
diameter of plasma channel is even greater than surface of contacts. Metal vapors of electrodes
influence also the color of discharge [25]. When the current starts to decrease the electric arc
guenches, which can be observed in Figure 10.1i-Figure 10.1l, where the diameter of plasma
channel decreases.

Figure 10.1m-Figure 10.1n present hot remnants of drops and vapors of contact material. At
this time, the current already does not flow in the tested circuit anymore. Figure 10.10 shows
the opened contacts of the operated switch just after the current interruption.

Based on observed intensity of the electric arc it can be stated that temperature of metal drops
leaving the area of the electric arc increases with a rise of the current intensity. A much bigger
number of metal drops can be observed around column of the electric arc that are dissipated
into surroundings, and sizes of metal drops that were emitted outside of the electric arc column
decease significantly.

10.2 Registration of the Formation of the Electric Arc during the Hybrid
Switching

In order to indicate the difference in the intensity of the burning electric arc during the hybrid
switching, the registration of the contact system was performed while the current was
interrupted with the application of the hybrid method.

Figure 10.2 presents the frames registered during hybrid switching, illustrating the contact
system of the operated switch for the different stages of the movement of the moveable
contact.
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Figure 10.2. The contact system (a); waveforms of the current is and the voltage us with
marked number of frames (b), (c); The contact system registered by the High Speed Camera
at the different stages of the contact movement (d)-(i). Frames registered for the hybrid
switching, the contacts start to separate at 35° of the current period at 230 V

Similarly to the description presented in section 10.1, Figure 10.2a shows the contact system
of the operated switch (according to Figure 6.13). Figure 10.2b presents measured current
(green) and arcing voltage (red) during current interruption together with marked reference to
registered frames. Zoomed waveform of arcing voltage at the time when the electric arc starts
to burn and the bridge explodes is presented in Figure 10.2.

As shown in Figure 10.2d, the contacts are closed and the entire current of the tested circuit
flows through the contacts of the operated switch.

Figure 10.2e shows the time, when the contacts start to separate. Similarly to the situation
presented in section 10.1, the analyzed inhere contacts also start to move not simultaneously,
SO as a consequence, the bridge explodes and the electric arc burns firstly in the one of the
two quenching chambers, which is marked as the blue frame in Figure 10.2e. This state takes
about 35 ps.

Just after that, the bridge starts to explode between contacts in second chamber and the electric
arc starts to burn, so as a consequence the arcing voltage achieves the value of the minimal
operating voltage of the Solid State Relay. At this time, the entire interrupted current is able
to commute into the semiconductor branch, so as a consequence, the electric arc quenches
which can be observed in Figure 10.2f.
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In the next sequence, the contacts open already without the electric arc, which was illustrated
in Figure 10.2g-Figure 10.2i. In the meantime, the commuted current into the semiconductor
branch exceeds the minimal holding current of the Solid State Relay, whereby the current
stops flowing in the entire tested circuit.

Figure 10.2f shows the situation, when the contacts are opened fully, and the current already
does not flow in the tested circuit anymore.

10.3 Comparison of the Results

In order to indicate differences in the intensity of the burning electric arc for the both analyzed
cases (when the current was interrupted by the standalone switch, as well as, during the hybrid
switching). The two frames taken from the registered movies were compared and presented
in Figure 10.3 at the time, when the electric arc was registered as the most intensive.

/i

Frame 12

b)
Figure 10.3. The comparison of electric arc intensity. The time, when the electric arc is the
most intensive: a) the current interrupted by the standalone switch; b) the hybrid switching

As shown in Figure 10.3, the electric arc is incomparably more intensive, when the current is
interrupted by the standalone switch. This significantly influences on the level of the created
electric arc erosion in the contact surfaces during the standard maintenance of the switch.

The read out values of the arcing time from the measured waveforms (based on the chapter 8)
and from registered movies were listed and compared in Table 10.1.

Table 10.1. The comparison of the read out values of the arcing times

The experiment scenario | The digital oscilloscope | The High Speed Camera

The standalone switch About 7.2 ms 32 frames (about 8ms)
The hybrid switching 35 s 1 frame (250 ps)

As shown in Table 10.1, the read out values of the arcing times are comparable for the both
measurement approaches, when the current is interrupted by the standalone switch. The High
Speed Camera was able to register only the 1 frame illustrating the electric arc during the
hybrid switching, due to the low registration resolution (the 1 frame per each 250 ps). In this
case, the measurements performed by the digital oscilloscope were more accurate.
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11 Evaluation of the Electric Arc Erosion of the
Electrical Contacts in the Tested Switches

In this chapter, the morphology analysis performed for the investigated contacts is presented.
In order to perform the researches on the limitation of the electric arc erosion, 200 000 cycles
of current interruptions were conducted in the tested circuit totally. The overall research plan
is presented in the section 6.1.3, and the detailed description of the experiments is presented
in the section 6.5.

In order to compare the condition of the surfaces of the contacts taken from the analyzed
switches, the following methods were applied: photographs of the analyzed contacts, the
measurements of the roughness profiles of the analyzed contact surfaces, the optical
microscope observations and the Scanning Electron Microscopy (SEM) method coupled with
the Energy Dispersion Spectroscopy (EDS). The areas of the contacts localized as closely
possible to the inner edge were chosen for the analysis, due to expected greatest degree of the
arc erosion in this area. The examined areas of the analyzed contacts are presented in Figure
6.15 (marked as the white circle). The measurements performed by the roughness tester were
conducted across the coaxial line on the contact surfaces (see Figure 6.16 for the details).

11.1 Condition of the Surfaces of the Contacts

According to the research plan, the contacts taken from the all tested switches were
photographed, and their photos are presented in this section. Also the contact taken from the
new switch was photographed to compare the impact of the arc erosion. Figure 11.1 presents
a comparison of the surfaces of the all fixed contacts (the contacts #2 according to the

notations presented in Figure 6.13).

a) b) c) d) e)
Figure 11.1. Comparison of fixed contacts #2: a) new contact; b), c) contacts taken from
standalone switches; d), e) contacts after hybrid switching tests

As shown in Figure 11.1, differences in the surface condition of the analyzed contacts are
significant. The surface areas shown in Figure 11.1b and Figure 11.1c are definitely much
more damaged in comparison to the surfaces shown in Figure 11.1d and in Figure 11.1e.
Moreover, it should be pointed out, that almost the entire surfaces of the contacts presented
in Figure 11.1b and Figure 11.1c were destroyed, whereby the part of the metal terminal was
covered with the burned layer. As show in Figure 11.1d and in Figure 11.1e, only the part of
the silver contact was damaged, and the burned layer was not created. Thus, the thermal
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influence of the electric arc can be clearly noticeable as the surface destruction of the contacts,
in the case, when the electric arc energy is not limited.

Figure 11.2 presents a comparison of the surfaces of the all fixed contacts taken from the
tested switch (the contact #3 according to the notations presented in Figure 6.13).

a) b) C) d) e)
Figure 11.2. Comparison of fixed contacts #3: a) new contact; b), c) contacts taken from
standalone switches; d), e) contacts after hybrid switching tests

As shown in Figure 11.2, the condition of the presented surfaces is similar in the damages in
comparison to the surfaces of the contacts #1 presented in Figure 11.1. However, the
destructions of the contacts illustrated in Figure 11.2d and in Figure 11.2e are significantly
smaller in comparison to the contacts shown in Figure 11.1d and in Figure 11.1e. These
differences are caused by the not simultaneous movement of the moveable contact in both
arc-quenching chambers, according to the description presented in the section 6.5, and in the
section 10.1. Apart from this difference, other significant differences are not observed in the
surface condition in comparison to the contacts presented in Figure 11.2.

Figure 11.3 presents the comparison in the surface condition of the moveable contacts taken
from the tested switches (the contact #1 according to the notations presented in Figure 6.13).

’-ﬁp'"vﬂ"-—w

a) b) C) d) e)
Figure 11.3. Comparison of contacts #1: a) new contact; b), c) contact after tests without
supporting method to quench arc; d) contact after tests hybrid switching; e) contact after
tests hybrid switching with no current making operation

As shown in Figure 11.3, the surface condition of the analyzed contacts is similar in the
damages in comparison to the surfaces of the contacts shown in Figure 11.1 - Figure 11.2.
However, the destructions of the contacts illustrated in the above part of Figure 11.3d and
Figure 11.3e are significantly smaller in reference to the contacts presented in the below part
of these Figures. These differences confirm the observations from Figure 11.2 related to the
not simultaneous movement of the moveable contact in the both arc-quenching chambers of
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the operated switch. Apart from this distinction, other significant differences are not observed
in the surface condition in comparison to the contacts presented in Figure 11.2.

11.2 Observations Performed by means of the Optical Microscope

In order to perform the more accurate observations of the contact surfaces, the observation of
the microstructure of the contact surfaces was performed by means of the optical microscope
(to show cracking microstructure, deformations, and discoloration of surfaces). For this
purpose, the areas presented in Figure 6.15 were selected to the analysis. In this section, the
microscope observations of the reference contact, the contact taken from the standalone
switch after the 50 000 cycles of the current interruptions, and the contact taken from the
hybrid switch after the 50 000 cycles of the current interruptions were presented. Due to
similar condition of the observed surfaces (according to the description presented in the
section 11.1), the observations presented inhere were performed only for the one of the
analyzed contact #1 (respectively Figure 11.1a, Figure 11.1b, Figure 11.1d).

11.2.1 Reference Contact

The microscope observations of the reference contact (taken from the new switch) are
presented in Figure 11.4a — Figure 11.4d. The observations presented inhere were performed
for the area indicated in Figure 6.15 (marked as the white circle) in neighboring areas.

Figure 11.4. The microscope observations of the contact taken from the new switch

As shown in Figure 11.4a — Figure 11.4d, the observed surfaces are slightly rough, however,
substantial deformations in the microstructure of the contact surface are not noticeable. The
entire surface of the new contact is characterized by the similar microstructure presented in
Figure 11.4a — Figure 11.4d.
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11.2.2 Contact Taken from Standalone Switch after 50000 the Current
Interruptions

The microscope observations of the contact taken from the standalone switch after the 50 000
cycles of the current interruptions are presented in Figure 11.5a—Figure 11.5d. The
observations presented inhere were performed for the area indicated in Figure 6.15 (marked
as the white circle) in neighboring areas.

Figure 11.5. The microscope observations of the contact taken from the switch interrupting
the current as the standalone one after the 50 000 cycles of the current interruption

As shown in Figure 11.5a — Figure 11.5d, the observed surfaces are heavily distorted in
comparison to the intact microstructures presented in Figure 11.4a — Figure 11.4d, where the
entire observed surface is homogeneously smooth. In Figure 11.5a — Figure 11.5d, the many
undulations and the discolorations of the surface caused by the thermal influence of the
electric arc can be visible in the observed contact surfaces. The significantly burning layer
can be noticeable especially in Figure 11.5a — Figure 11.5b, very close to the left edge of the
contact.

11.2.3 Contact Taken from the Hybrid Switch after 50 000 the Current Interruptions

The microscope observations of the contact taken from the switch with the implemented
hybrid switching sequence one after the 50 000 cycles of the current interruptions are
presented in Figure 11.6a — Figure 11.6d. The observations presented inhere were performed
for the area indicated in Figure 6.15 (marked as the white circle) in neighboring areas.
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Figure 11.6. The microscope observations of the contact taken from the switch interrupting
the current as the hybrid one after the 50 000 cycles of the current interruption

As shown in Figure 11.6a — Figure 11.6d, the observed surfaces are only partially distorted in
comparison to the highly damaged microstructures shown in Figure 11.5a-Figure 11.5d. The
analyzed inhere areas are characterized by the deformations of the surface layer, however,
their level is noticeably lower in comparison to the damages presented in Figure 11.5a-Figure
11.5d. Moreover, in contrast to the contact taken from the standalone switch, the deformations
observed in the area of the contact presented here are noticeable only in the part of the
observed area — in Figure 11.5b and in Figure 11.5d a boundary between the deformed and
intact areas is visible.

11.3 Roughness Profiles of the Analyzed Contacts

In order to compare the degree of the electric arc erosion, the roughness profiles of the surface
of analyzed contacts were measured. The investigations were performed according to the
description presented in the section 6.6. The researches were conducted for the all tested
contacts, however, only three selected roughness profiles were presented in this section, due
to the good repeatability of the measurement results. Selected parameters describing the
measured roughness profile (the average roughness R,, the ten point average roughness R,
and the maximum roughness height within a sample length Rma) Were presented and
compared to indicate the differences in degree of the damaged surfaces.

The detailed description of the analyzed roughness parameters is presented in the section 5.
The measurements were performed by means of the ESA RUGOSURF Roughness Tester
90G [144]. The key features of the Roughness Tester used are presented in the section 6.6.

The measurements of roughness profiles were performed for the analyzed contact #1 taken
from the analyzed switches (presented respectively in Figure 11.1a, Figure 11.1b, Figure
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11.1d). The roughness profiles were measured across the coaxial line of the entire contacts,
with initial point as close as possible to the contact edge, according to Figure 6.15b. The
measured roughness profiles of the analyzed contacts are presented in Figure 11.7.
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Figure 11.7. The measured roughness profiles of the analyzed contacts

As shown in Figure 11.7, the measured roughness profiles of the analyzed contacts are quite
different in the shape, as well as, in the peak values.

The measured roughness profile of the new contact is characterized by the small roughness
peaks (about 1 um) in the analyzed surface. These micro-deformations are caused by the
imperfections of the production cycle (that can be also visible in the photographs presented
in the section 11.2.1).

In contrast to this situation, the most rugged surface was measured for the contact taken from
the standalone switch. In this case, the significant peaks in the surface roughness can be
observed. Many micro-cracks, and micro-deformations caused by melting the contact material
can be noticeable in the measured roughness profile.

A smoother roughness profile was measured for the contact taken from the hybrid switch. As
it can be visible in Figure 11.7, the peaks in the surface roughness are smaller for this case in
comparison to the contact taken from the standalone switch. However, some micro-
deformations can be also visible here in comparison to the measured profile roughness of the
new contact.

Both for the measured profiles for the standalone switch, as well as, for the hybrid switch, the
deformations can be visible about 1 mm from the left edge. These changes in the surfaces are
caused by the mechanical abrasion of the surface created from the close-open cycles realized
by the switches. About 2 mm from the left edge of the analyzed contact, the significant
amplitudes in the surface roughness are noticeable in the measured roughness profile of the
contact taken from the standalone switch. These strong deformations are related to melting of
the contact material, caused by the thermal influence of the electric arc. These deformations
are not visible in the measured roughness profile of the contact taken from the hybrid switch,
which also proves the effectiveness of the application of the hybrid switching to limit the
electric arc erosion.

In order to compare the condition of the contact surfaces, the selected roughness parameters
of the analyzed surfaces were compared. The following roughness parameters were selected
to the analysis: the average roughness R, the ten point average roughness R,, the maximum
roughness height within a sample length Rmax. Table 11.1 presented the comparison of the
analyzed roughness parameters. The detailed description of the parameters is presented in the
section 5.
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Table 11.1. Measured surface profile parameters: the average roughness R, the ten point
average roughness R;, the maximum roughness height within a sample length Riax

Ra | R: | Rmax
[Hm]
New contact 0.18 | 1.62 | 1.87
Standalone switch | 1.66 | 9.39 | 18.56
Hybrid switching | 1.03 | 5.90 | 9.50

As shown in Table 11.1, the smallest values of the analyzed parameters were measured for
the contact taken from the new switch. In contrast to this situation, the greatest values of
analyzed parameters are observed for the contact taken from standalone switch (respectively:
the Ra is greater over 9 times, the R; is greater almost 6 times, and the Rmax is greater almost
10 times), which indicates the significant deformations in the analyzed surfaces.

The parameters of the roughness profile measured for the contact taken from the hybrid switch
are in the middle between the parameters of the new and standalone contact. Thus, based on
the measured roughness profiles, as well as, the analyzed parameters, it can be concluded, that
the condition of the contact surface taken from the standalone switch is more damaged in
comparison to the condition of the contact surface taken from the hybrid switch.

11.4 Morphological Analysis

In order to evaluate the quantitative and qualitative degree of the arc erosion in the surface of
the analyzed contacts, the Scanning Electron Microscope (SEM) technique coupled with the
Energy Dispersion Spectroscopy (EDS) were applied. The SEM method was applied with the
greater magnification in comparison to the microscope observations presented in the section
11.3 to perform the more accurate researches on the condition of the analyzed surfaces. The
EDS technique is able to provide the information about the quantitative atomic concentration
in analyzed metal parts. To perform an analysis of the arc erosion degree in the analyzed
samples, a percentage content of chemical elements was measured in the examined samples.

The measurement results presented in this section, were carried out according to the research
plan described in the section 6.6. The parameters of the performed observations were also
presented in the section 6.6.

The EDS measurements were performed for the all tested contacts, however, only a single set
of selected points was presented in this section, due to the good repeatability of the
measurement results. The SEM observations were performed for the area indicated in Figure
6.15. The observations presented inhere were presented for the one of the analyzed contact #1
(respectively Figure 11.1a, Figure 11.1b, Figure 11.1d).

11.4.1 Reference Contact

The SEM images of the intact surface of the contact taken from the new switch are shown in
Figure 11.8a-Figure 11.8d. The observations presented inhere were performed for the area
indicated in Figure 6.15 (marked as the white circle).
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) | d)
Figure 11.8. The selected SEM images of the intant contact surface.
The contact edge is visible on the left side (a)

As shown in Figure 11.8a — Figure 11.8d, observed surfaces are slightly rough (which also
confirms the microscope observations presented in the section 11.3.1, and roughness
measurements presented in the section 11.3). The substantial deformations in the observed
microstructure of the contact surface are not noticeable.

The analysis results of the EDS spectrum performed for the point 1 marked in the Figure 11.8a
are presented in Figure 11.9.
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Figure 11.9. The EDS spectrum measured for the point 1 marked in Figure 11.8a

As illustrated in Figure 11.9, the significant peaks related to the presence of silver can be
observed in the analyzed spectrum, whereas the content of the other chemical elements is at
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the low level. The similar spectra were obtained for all of the 6 points presented in Figure
11.8a, and the calculated averages for each of the elements are listed in Table 11.2.

Table 11.2. The results of the EDS analysis for points indicated in Figure 11.8a
Number of point, percentage content [wt.%] | Average
1 2 3 4 5 6 | [wt9%]
Ag 9237 | 9046 | 9201 | 9535 | 90.04 | 9143 | 91.94

C 398 | 361 | 35 | 262 | 57 3.75 3.87

(@) 197 | 383 | 219 | 099 | 3.02 201 234
Cu 168 | 210 | 226 | 1.04 | 125 281 1.86

As shown in Table 11.2, the percentage content of the silver in the analyzed area (over 90
wt.% in the all analyzed points) is dominant. In addition to this, the minor amounts of the
carbon, the oxide and the copper are located in the examined surface layer of the contact
surface as an admixture.

11.4.2 Contact Taken from the Standalone Switch after 50 000 Cycles of the Current
Interruption

Element

The SEM images of the contact surface of the contact taken from the standalone switch after
the 50 000 cycles of the current interruption are shown in Figure 11.10a-Figure 11.10d.
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Figure 11.10. The selected SEM images of the contact taken from the standalone switch
after the 50 000 cycles of the current interruption.
The contact edge is visible on the left side (a)
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The observations presented in Figure 11.10a — Figure 11.10d were performed for the area
indicated in Figure 6.15 (marked as the white circle).

As shown in Figure 11.10a — Figure 11.10d, the observed surfaces are heavily distorted in
comparison to the intact microstructures presented in Figure 11.8a — Figure 11.8d, where the
entire observed surface is homogeneously smooth. In Figure 11.10a, the significant cracks
can be observed especially between the line of the points 1-3 and the points 4 and 5. Moreover,
a lot of damages in the microstructure caused by melting the contacts material during the
electric arc formation can be also observed in the analyzed area in form of the microcracks
(visible especially in Figure 11.10b) and in form of the deformations of the surface layer,
which can be well visible in Figure 11.10c — Figure 11.10d.

The analysis results of the EDS spectrum performed for the point 1 marked in the Figure
11.10a is presented in Figure 11.11.
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Figure 11.11. The EDS spectrum measured for the point 1 marked in Figure 11.10a

As shown in Figure 11.11, the significant peaks created by the presence of silver can be
observed in the spectrum, similarly to the measurement results for the reference sample
presented in Figure 11.9. In this case, the strong signal was also detected for the tin. This
material is being applied in the analyzed electrical contacts to connect the silver part of the
electric contact with the electrical terminal. For this reason, tin presence in the analyzed
surface layer might be caused through deeply burnt silver layer, which causes these elements
to mix with the materials coming from deeper layers. These observations prove the high level
of the arc erosion in the contact surface. The EDS analysis was performed for all points
marked in Figure 11.10a. The measurement results and the calculated averages for each of the
elements are collected in Table 11.3.

Table 11.3. The results of the EDS analysis for points indicated in Figure 11.10a

Number of point, percentage content [wt.%] | Average
1 2 3 4 5 [wt.%]

Ag 53.55 | 63.35 | 53.87 38.78 | 48.09 51.53

Sn 38.37 | 22.38 | 29.36 53.03 | 45.10 37.65

Element

C 312 | 6.01 8.48 4.37 2.35 4.87
O 246 | 5.75 6.72 3.02 2.37 4.06
Cu 250 | 2.50 1.56 0.81 2.09 1.89

As illustrated in Table 11.3, the percentage content of silver in the analyzed points is
significant. The content of tin also becomes visible in the analyzed surfaces as expected (in
the point 4, the content of tin is even greater than the amount of silver). The percent of the
carbon composition and the oxide composition is also elevated in comparison to the
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measurement results obtained for the new contact surface, instead the copper contribution is
comparable to data measured for the new contact surface. The percent composition of carbon,
oxide and copper does not exceed 5% similarly to data listed in Table 11.2.

Thus, it can be concluded, that the percentage composition of silver and the tin can be
determinant for the degree of the arc erosion created in the observed surfaces of the electrical
contacts.

11.4.3 Contact Taken from the Hybrid Switch after 50 000 Cycles of the Current
Interruption

The SEM images of the contact surface of the contact taken from the hybrid switch after the
50 000 cycles of the current interruption are shown in Figure 11.12a — Figure 11.12d. The
observations presented inhere were performed for the area indicated in Figure 6.15 (marked
as the white circle).

Figure 11.12. The selected SEM images of contact surface taken from hybrid switch after
50 000 operations. Contact edge is visible on the left side (a)

As shown in Figure 11.12a-Figure 11.12d, similarly to the microscope observations
presented in the section 11.3.3, the observed surface is only slightly distorted in comparison
to the highly damaged microstructure shown in Figure 11.10a — Figure 11.10d. The analyzed
surfaces of the contacts presented in Figure 11.12a — Figure 11.12d are characterized by many
small deformations of the outer layer as the domed surfaces. However, in this case, the heavily
distorted areas (similar to damage presented in Figure 11.10a —Figure 11.10d) with
significant cracks and deformations are not visible. The EDS analysis was performed for the
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all points marked in Figure 11.12a.The results of the EDS analysis performed for the point 1
marked in Figure 11.12a are presented in Figure 11.13.
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Figure 11.13. The EDS spectrum measured for the point 1 marked in Figure 11.12a

As shown in Figure 11.13, the significant peaks of the silver can be observed in the spectrum
similarly to the situations presented in Figure 11.9, and in Figure 11.11. However, in this case,
the amount of tin is less noticeable in comparison to the spectrum presented in Figure 11.9.
Also the content of the other chemical elements is at the low level, similarly to the measured
spectrums illustrated in Figure 11.9 and Figure 11.11. The bismuth presence in a small amount
in the analyzed points is a result of the contamination of the analyzed contact surface. The
elemental analysis was performed by means of EDS for the all points marked in Figure 11.12a.
The measurement results and the calculated averages for each of the elements are collected in
Table 11.4.

Table 11.4. The results of the EDS analysis for points indicated in Figure 11.12a

Number of point, percentage content [wt.%6] Average
1 2 3 4 5 6 | [wto%]
Ag 7454 | 86.39 | 87.86 | 7584 | 7597 | 74.08 79.11
Sn 11.89 4.60 3.71 11.05 | 1154 | 10.78 8.93

Element

C 6.25 274 | 246 3.84 493 | 6.77 4.50
Bi 2.73 224 | 268 4.08 327 | 323 3.04
O 204 127 | 071 240 220 | 244 1.84

Cu 1.95 201 | 154 115 120 | 168 1.59

As shown in Table 11.4, the percentage composition of silver in the analyzed points is
significant, and its level in the analyzed points is located between the values presented in
Table 11.2 and Table 11.3. Also, the content of tin is lower in comparison to data listed in
Table 11.3. Similarly to the previous measurement results, the averaged composition
percentage of other elements does not exceed 5%, instead the lower oxidation of the contact
surfaces can be clearly noticeable in this case in comparison to the measurement results
presented in the section 11.4.2.

11.4.4 Summary of the Measurement Results

The averaged values of the percentage composition calculated for the chemical elements
based on the measurement results presented in the sections 11.4.1-11.4.3 are collected in
Table 11.5 (the data were taken from Table 11.2 — Table 11.4).
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Table 11.5. The averaged percentage composition of the chemical elements in the analyzed
areas

Element Number of point, percentage content [wt.%6]
The new contact | The standalone switch | The hybrid switching
Ag 91.94 51.53 79.11
Sn - 37.65 8.93
C 3.87 4.87 4.50
@) 2.34 4.06 1.84
Cu 1.86 1.89 1.59
Bi - - 3.04
Cl - - 0.99

According to data listed in Table 11.5, the averaged percentage composition of the silver is
the lowest for the situation, when the current was interrupted in the analyzed circuit by the
standalone switch. Averaged percentage of the composition of tin is also smaller for the
situation, when the hybrid switching was applied in comparison to the situation, when the
current was interrupted by the standalone switch. The averaged percentage composition of the
tin is the greatest in the contacts of the standalone switch, and the smallest in the contacts of
the hybrid switch. Tin does not exist in the analyzed surfaces of the new contacts. The
averaged percentage composition of the other elements in analyzed samples values is below
5%, and their level is comparable in each of the analyzed cases (except for the measurements
of the oxide in the contact surfaces of the standalone switch, its value is twice larger in
comparison to two other cases).

Thus, it can be concluded, that the percentage composition of the silver and tin can be
determinant for the degree of the arc erosion created in the observed surfaces of the electrical
contacts.
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12 Analysis of the Limitation of the Electric Arc
Erosion

This chapter presents an analysis and a discussion on the effects of the electric arc erosion
limitation. In order to indicate direct differences in the effectiveness of the limitation of
electric arc erosion for the considered methods, the following features of the analyzed contact
surfaces were discussed:

the visual conditions of the contact surface,

the results obtained from the measurement performed by the roughness tester,

the observation performed by the optical microscope,

the results obtained from the SEM method coupled with the EDS method.

The most important conclusions from researches performed on arc erosion are discussed in
this chapter. For this purpose, measurement results presented in chapter 11 are presented
inhere in the form of the bar graphs. The values of the measured parameters of the surface
profiles taken from Table 11.1 are presented in Figure 12.1.
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Figure 12.1. The parameters of measured surface profiles: the average roughness Ra (a);
the ten point average roughness R, (b); the maximum roughness height
within a sample length Ruax (C)

As shown in Figure 12.1, the smallest values of the analyzed parameters were measured for
the surfaces of the new contact.

In contrast to this situation, the greatest values of the analyzed parameters are noticed for the
contact taken from the standalone switch (respectively: the average roughness Ra is greater
over 9 times, the ten point average roughness R, is greater almost 6 times, and the maximum
roughness height within a sample length Rmax is greater almost 10 times), which indicates the
significant deformations in the analyzed surfaces in comparison to other analyzed contacts.

The parameters of the surface profile measured for the contact taken from the hybrid switch
are in the middle. Thus, based on the analyzed parameters it can be concluded that the surface
of the contact taken from the standalone switch is the most damaged in comparison to the
condition of the surface of the contact taken from the hybrid switch.

In order to compare the percentage composition of the contact material in the analyzed
surfaces, the calculated averaged values of the percentage composition for the considered
chemical elements are collected and presented in Figure 12.2 as a bar graphs. For this purpose,
the data were taken from Table 11.2 — Table 11.4.
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Figure 12.2. The averaged percent composition of the chemical elements
of the analyzed contact surface

As illustrated in Figure 12.2a, the averaged percentage composition of the silver is the lowest
for the situation, when the current was interrupted in the analyzed circuit by the standalone
switch. The averaged percentage composition of the tin is also smaller for the case, when the
hybrid switching was applied in comparison to the situation, when the current was interrupted
by the standalone switch. Figure 12.2b shows the averaged percentage composition of other
elements in the analyzed contact surface. The averaged percentage composition of other the
elements in analyzed samples is below 5%, and their level is comparable in the each analyzed
case (except from the measurements of oxide in the contact surfaces of the standalone switch,
its value is twice larger in comparison to two other cases).

Thus, the following important conclusions and the observations from performed researches

on arc erosion can be pointed out:

1. the obtained measurement results of the arc erosion are repeatable in the analysis of the
all contacts installed in tested switches interrupting the current in the tested circuit,

2. damages in surfaces of contacts #2 and contacts #3 (respectively the anode and the
cathode) are similar, which proves that in the analyzed circuit the contact material is
transferred in comparable amounts in both directions (between the anode and the cathode)
during the metallic and gaseous phases (see Figure 5.8),

3. the hybrid switching application allows to protect the surfaces of the electric contacts
against the damage (such as: burning of the outer layer, the creation of the micro-cracks
and melting of the contact layers) created from the influence of the electric arc,

4. the conclusion 1 was confirmed in the following work through the observations of the
surfaces of the electrical contacts performed by the following methods: the photo camera,
the optical microscope, the roughness tester, as well as, the Scanning Electron Microscope
(SEM) coupled with the Energy Dispersive Spectroscopy (EDS),

5. the application of the hybrid switching impacts on the roughness profiles of the analyzed
contacts. The surfaces of the contacts taken from the hybrid switch after the 50 000 cycles
of the current interruptions is characterized by the smaller roughness in comparison to the
surfaces of the contacts taken from the standalone switch after the 50 000 cycles of the
current interruptions. The roughness parameters of the analyzed surfaces (the average
roughness Ra, the ten point average roughness R;, the maximum roughness height within
a sample length Rmax) are significantly reduced for the contacts taken from the hybrid
switch in comparison to the contacts taken from the standalone switch (respectively, the
Ra is lower by about 38%, the R; is less about 37%, and the Rmax is lower by about 49%).

6. the average percentage of the composition of silver in the surface of the contact taken
from the hybrid switch after the 50 000 cycles of the current interruption is only 13%
lower in comparison to the surface of the new contact, instead the average percentage
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10.

composition of the silver in the surface of the contact taken from the standalone switch
after 50 000 cycles of the current interruption is 40% lower in comparison to the surface
of the new contact. Thus, in this analysis, the application of the hybrid switching causes
the situation to improve by about 27%,

the application of the hybrid switching was able to reduce the averaged level of the tin in
the analyzed areas from 38% to 9%. Thus, the application of the hybrid switching causes
to improve the situation about 29%,

the average percentage composition of the carbon, oxide, and copper is below 5% in the
surfaces of the new contacts, as well as, the contact taken from the hybrid switch. The
higher content of the carbon and the oxide is observed in the contacts taken from the
standalone switch in comparison to the surfaces of the contacts taken from the hybrid
switch. Thus, it can be concluded, that the higher electric arc energy influenced higher
content of carbon and oxide in the analyzed contact surfaces,

based on the measurement results, it can be concluded that the percentage composition of
silver and tin can be the determinant for the degree of the arc erosion created in the
observed surfaces of the electrical contacts,

the electric arc erosion has a negative influence on ensuring the reliability of the operated
switch and its lifespan. The damage of the electrical contacts caused by the arc erosion
may even lead to lacks in the power supply in the electrical circuit with the operated
switches installed. For this reason, the limitation of the arc erosion is the important issue
in order to increase the reliability of the entire electrical circuit with the installed switch.
The effective limitation of the electric arc erosion can be achieved by limiting the electric
arc energy through the application of the hybrid switching. This method leads to the
significant mitigation of the arc erosion.
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13 Discussion and Conclusions

13.1 Summary

The motivation for the work presented in this thesis was to extend the knowledge related to
the methods that could be used to limit the electric arc energy, so as a consequence, also to
reduce the electric arc erosion in the LV switches. The character of this thesis is
multidisciplinary which includes both the electrical experiments, as well as, the material
researches. The researches on the mitigation of the electric arc energy and the electric arc
erosion were performed in the inductive circuit to create the challenging conditions for
quenching the electric arc.

Thus, the researches presented in this thesis could be used to develop the improved switches
with the increased level of the reliability. Increasing the reliability of the operated switch
positively influences its lifespan, which increases as a consequence also the reliability of the
entire electrical circuit, where the switch is installed. This aim could be achieved through the
application of the hybrid switching determined in this thesis as the most effective way to limit
the electric arc energy among all the considered methods independently of the V-I
characteristic of the electric arc.

The work comprised of several steps. At first, the scope of the thesis and the research plan
were defined. Based on this data, the functionality of the laboratory stand was determined,
and the parameters of the components used to the researches were selected. At this stage, the
hybrid switching sequence was defined precisely. The above-mentioned assumptions were
used to design the laboratory stand. For this purpose, the special microcontroller system was
designed, which was used to the control of the entire laboratory stand. The laboratory stand
was also equipped with the High Speed Camera.

Secondly, different considered methods applied to limit the electric arc energy were
investigated in the tested circuit supplied by the 12 V voltage source. In the course of the
researches, the following methods were applied to determine their effectiveness on the
limitation of the electric arc energy: the contact separation of the operated switch performed
at defined angle of the current period, the connection of the various passive branches in
parallel to the operated switch, as well as, the application of the hybrid switching. The
analyzed methods give the diverse level of the electric arc mitigation in the tested circuit
supply by 12 V. A summary description for this case is presented in the section 13.2.

The next step of the performed researches was to use the analogical approach to limit the
electric arc energy in the tested circuit with the increased supply voltage up to 230 V. In this
case, the contact separation performed at defined angle of the current period gives comparable
results to the measurement results performed in the tested circuit supplied by the 12 V voltage
source. However, together with increasing the supply voltage in the tested circuit, the V-I
characteristic of the electric arc changes, which caused the arcing voltage to decrease below
the voltage peak of the supplied voltage source at the steady state. For this reason, the
considered passive branches connected in parallel to the operated switch do not limit the
electric arc energy in the tested circuit supplied by the 230 V voltage source, because their
minimal operating voltage has to be greater than the voltage peak of the supplied voltage
source at the steady state. Among all of the considered passive methods, only the application
of the RC suppressor is able to reduce the electric arc energy by about just a few percent.
Thus, the connection of the passive branch in parallel to the operated switch ceased to be the
effective method to limit the electric arc energy. In this case, only the application of the hybrid
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switching allows to limit the electric arc energy effectively. A summary description for this
case is presented in the section 13.3.

The electrical tests presented in this thesis were performed in this same tested circuit supplied
by the two different levels of the supply voltage (12 V and 230 V). This approach was applied
to indicate the differences in voltage-current characteristics of the electric arc, that strongly
influence on the effectiveness of considered passive methods applied to limit the electric arc.

The next step of the performed researches, was to investigate the effectiveness of the
application of the hybrid switching for limiting the electric arc erosion. For this purpose, the
200 000 cycles of the current interruption were performed in the tested circuit by the four
different switches. The each analyzed switch performed the 50 000 cycles of the current
interruptions in total. Two analyzed switches interrupted the current in the tested circuit as
the standalone switches, and two switches performed the 50 000 cycles of the current
interruptions during the hybrid switching. The conditions of the electrical contact surfaces
taken from the all analyzed switches were investigated and compared. It can be concluded
that the application of the hybrid switching allows to reduce the arc erosion significantly. A
summary description for this case is presented in the section 13.4.

The final step of the following thesis was to analyze the measurement results (from the
electrical tests, as well as, from the material researches), which was presented respectively in
the section 9 and in the section 12.

A summary of the actives performed in frame of the thesis is presented in Table 13.1.

Table 13.1. Summary of the actives performed in frame of the thesis

Step of the work Section
Development of the laboratory stand
Definition of the laboratory stand functionality 66711
. 6.1.4
- Selection of the parameters of the components used to the researches 6.3
§ Definition of the hybrid switching sequence 6.4
Design of the laboratory stand 6.7.1
Design of the microcontroller system used to the control of the entire 6.7.2
laboratory stand o
Installation of the High Speed Camera 6.5
Electrical tests performed in the tested circuit supplied by 12 V
Performing measurements for time-controlled contact separation at 71
‘;_ the precise time slot of the current period '
% Performing measurements for connection of passive components 79
connected in parallel to the operated switch '
Performing measurements for the hybrid switching 7.3
Electrical tests performed in the tested circuit supplied by 230 V
Performing measurements for time-controlled contact separation at 8.1
the precise time slot of the current period '
‘g_ Performing measurements for connection of passive components 8.2
% connected in parallel to the operated switch '
Performing measurements for the hybrid switching 8.3
Performing the observations of the limitation of the electric arc by 10
means of the High Speed Camera
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Step of the work Section
Material researches
Performing 200 000 current interruptions in total by 4 tested switches
at the AGH University -
Performing observations of the electric arc erosion by means of the 111
= camera '
% Performing observations of the electric arc erosion by means of the 119
optical microscope '
Performing measurements of the contact surfaces performed by the 113
roughness tester '
Performing SEM and EDS measurements at the AGH University 114
Analyses of the measurement results
Lg_ Analysis of the electrical measurement results performed at 12 V 9.1
% Analysis of the electrical measurement results performed at 230 V 9.2
Analysis of the material measurement results 12

13.2 Analysis of the Effects of the Limitation of the Electric Arc Energy in the
Tested Circuit Supplied by the 12 V Voltage Source

In this part of the thesis, an analysis of the effects of the limitation of the electric arc performed
in the tested circuit supplied by the 12 V voltage source is presented. For this purpose, the
following methods were discussed to indicate the most effective method limiting the electric
arc: the contact separation performed at the defined angle of the current period, the connection
of the various passive parallel branches into the operated switch, as well as, the application of
the hybrid switching.

Based on the performed researches, it can be concluded, that the control of the contact
separation time of the operated switch in reference to the instantaneous value of interrupted
current has the significant influence on the arcing time, as well as, on the electric arc energy
during the current interruption. The application of this method makes it possible to limit
almost totally the electric arc energy (in the performed researches, this method allows to limit
the electric arc energy from 51 mJ and 0.1 mJ for two the extreme cases, thus more than 99%).
This method is also very helpful for the limitation of the switching overvoltages, which can
be observed in the reduction of the TRV peak (from 848 V to 293 V for the two considered
extreme cases analyzed inhere).

However, for the practical implementation purpose of the considered method, there could be
the problem related to the dispersion of the inertial delay time of the operated switch drive.
All of the researches presented in this thesis were performed in the similar environmental
conditions. Thus, the dispersion of the inertial delay time of the switch drive was always
shorter than 1 ms. This provides possibility for performing the repeatable contact separation
at the precise time. For this reason, it can be concluded that the implementation of this method
in the constant environment conditions can limit the energy arc significantly with the good
reproducibility, when the inertial delay time of the drive of the operated switch is known and
repeatable. For this purpose, the contact separation should be always realized at least 1 ms
before the expected current zero-crossing in the tested circuit. In the practical maintenance of
the operated switch, when environment conditions can be variable, the considered method can
give different results due to the greater dispersion of the inertial delay time of the switch drive.
For this reason, the analysis of the methods providing the limitation of the electric arc
independently of the dispersion of the inertial delay time of the switch drive was the subject
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of the further researches presented in the following thesis. For this purpose, the connection of
the different parallel branches connected in parallel to the operated switch that could limit the
arcing time and the electric arc energy was investigated.

Thus, the second investigated approach applied to limit the electric arc energy was to the
connection of the different parallel branches into operated switch. The arcing voltage in the
tested circuit achieves the significant values (over 10 times greater) in comparison to the peak
voltage of the voltage source during steady state. Therefore, it was possible to apply the
passive components (the RC snubber, the VDR, the TVS, the ZVL) connected in parallel to
the operated switch to make the possibility of the current commutation into the parallel branch
during the current interruption. The application of the considered passive parallel components
changes differently the V-I characteristic of the electric arc in the tested circuit. For this
reason, the application of this method is able to limit the electric arc energy with different
levels of the effectiveness.

However, the most effective method to limit the electric arc energy proved to be the
application of the hybrid switching. This method is based on the connection of the
semiconductor branch in parallel to the operated switch. The semiconductor branch is fully
controlled by the microcontroller system. This method allows to limit the arcing voltage up
to 22 V, so about 83%. Also, the application of this method provides limitation of the arcing
times by about 98% and the electric arc energy by about 99%. Therefore, based on the research
results, the application of the hybrid switching is recommended to limit the electric arc in the
considered circuit.

13.3 Analysis of the Effects of the Limitation of the Electric Arc Energy in the
Tested Circuit Supplied by the 230 V Voltage Source

In this part of the work, an analysis of the experiment results performed in the tested circuit
supplied by the 230 V voltage source is discussed. The measurements were performed to
verify the effectiveness of the considered methods for the higher level of the voltage source
in the tested circuit. Thus, similarly to the previous researches, the following methods were
discussed to indicate the most effective method limiting the electric arc: the contact separation
performed at the defined angle of the current period, the connection of the various passive
parallel branches into the operated switch, as well as, the application of the hybrid switching.

Similarly to the measurement results obtained in the tested circuit supplied by the 12 V
voltage source, also in this case the control of the contact separation time in reference to the
instantaneous value of the interrupted current has the significant influence on the arcing time
and the electric arc energy during the current interruption process. The application of this
method can almost totally limit the electric arc energy (in performed researches, this method
allows to limit the electric arc energy from 7.97 J to about 0.10 J for the two extreme cases,
thus about 99%).

The next step was to perform the tests for the connection of the passive components (such as:
the RC snubber, the VDR, the TVS, the ZVL) in parallel to the operated switch. The
application of this method does not impact on the V-1 characteristics of the electric arc in the
tested circuit. Only the connection of the RC suppressor in parallel to the operated switch
allows to limit the electric arc energy slightly. Other passive parallel components start to
conduct only, when the voltage across the operated switch achieves the voltage greater than
the minimal operating voltage of the applied nonlinear voltage components. For this reason,
these components do not take part in the commutation process. The current starts to flow
through the external branch only for the short time, just after quenching the electric arc, when
the TRV exceeds their minimal operating voltage. This situation is presented in Figure 13.1,
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where the waveforms of the voltage across the operated switch are presented for the tested
circuit supplied by the 12 V voltage source, as well as, by the 230 V voltage source.
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Figure 13.1. The waveforms of the voltage across the operated switch:,

a) the tested circuit is supplied by the 12 V voltage source; b) the tested circuit is supplied
by the 230 V voltage source to — the time, when the contacts start to separate, and the arc
starts to burn, t; — the time, when the electric arc quenches, and the TRV appears at the
terminals of the operated switch, t, — the time, when the TRV disappears, the voltage
achieves steady state

As shown in Figure 13.1, in the tested circuit supplied by the 230 V voltage source, the
application of the passive components connected in parallel to the operated switch does not
influence the V-I characteristics, so as a consequence, the electric arc is also not limited during
the current interruption.

Thus, the most effective method, which is able to effectively limit the electric arc energy is
the application of the hybrid switching. In this case, the current starts to commutate into the
external branch, when the arcing voltage exceeds the minimal operated voltage of the applied
Solid State Relay (thus, the arcing voltage is limited up to about 20 V, so about 84%). This
approach provides limitation of the arcing times by about 99.5% and the electric arc energy
about 99.9%. The effectiveness of this method was also confirmed through the observations
of the contact system of the operated switch performed by means of the High Speed Camera
for the two considered cases: when the current was interrupted by the standalone switch, as
well as, when the current was interrupted during the hybrid switching.

13.4 Analysis of the Effects of the Limitation of the Electric Arc Erosion

Based on the measurement results obtained from the electrical tests, it can be concluded that
the recommended method giving the satisfactory results for the mitigation of the electric arc

173



energy independently of the circuit parameters is the hybrid switching. For this reason, this
method was chosen to perform the measurements of the arc erosion mitigation in the switches
installed in the tested circuit.

In order to perform the researches on the mitigation of the arc erosion, the 200 000 cycles of
the current interruptions were performed in the tested circuit by means of the four switches in
total. Each analyzed switch performed the 50 000 cycles of the current interruptions. In order
to determine the repeatability of phenomenon, the experiments were performed twice. For
this purpose, the two analyzed switches performed the current interruptions in the tested
circuit as the standalone switches, and another two switches performed the 50 000 cycles of
the current interruptions with implementation of the hybrid switching. The conditions of the
surfaces of the electrical contacts taken from all analyzed switches were investigated and
compared. It can be concluded, that the application of the hybrid switching allows to reduce
significantly the arc erosion. This conclusion was confirmed through observations of the
surfaces of the electric contacts performed by the photo camera, the optical microscope, the
roughness tester, as well as, the SEM method coupled with the EDS method.

In general, the average percentage of the silver composition in the surface of the contact taken
from the hybrid switch after the 50 000 cycles of the current interruption is only 13% lower
in comparison to the surface of the new contact, instead the average percentage composition
of silver in the surface of the contacts taken from the standalone switch after 50 000 cycles of
the current interruption is 40% lower in comparison to the surface of the new contact. Thus,
in this analysis, the application of the hybrid switching causes the situation to improve by
about 27%. The application of the hybrid switching was also able to reduce the average level
of tin in the analyzed areas from 38% to 9%.

13.5 Reference to the Main Thesis

The results of the laboratory measurements allow to state that it is possible to limit effectively
the electric arc energy, as well as, the electric arc erosion through the application of the hybrid
switching. Also, performing the contact separation at the precise angle of the current period
may effectively limit the electric arc energy and the electric arcing time.

The outcome of this thesis is the analyses of the various considered methods that could be
applied to limit the electric arc energy in the tested circuit. The considered methods are
commonly used in the electrical circuits, most often without a detailed analysis of their real
influence on the limitation of the electric arc and the electric arc erosion. For this reason, to
indicate the effectiveness of considered methods applied in the tested circuit, the quantitative
and the qualitative influence of the considered methods on the mitigation of the electric arc
energy was presented in this thesis. The researches on the limitation of the arc erosion were
performed for the determined hybrid switching method limiting effectively the electric arc
energy, which gives the best results.

13.6 Future Recommendations Related to the Studies on the Limitation of the
Electric Arc in the LV switches

The measurement results obtained for the limitation of the electric arc energy, as well as, for
the limitation of the electric arc erosion performed in the tested circuit can be a motivation to
start the work on the redesigning of the operated switch.

The application of the hybrid switching allows to limit significantly the electric arc energy,
so an integration of the hybrid module inside of the switch can be considered. For this purpose,
the design of the quenching chambers, the contact system, and the drive of the operated switch
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could be changed. Currently, the design of switch is predicted to quench the electric arc
featured by significant electric arc energy. After application of the hybrid module connected
to the contacts of the switch, the electric arc energy inside of the quenching chamber decreases
significantly. Thus, proposed modifications of the switch could be related to minimalize the
switch dimensions, and to redesign the shape of and dimension of the contact system. Another
approach to develop the switch with the integrated hybrid module is a proposal to design the
switch with the comparable dimensions, however with the significantly wider current and
voltage ratings.

Another interesting issue for research could be behavior of the hybrid module during
performing the current interruption under defined short-circuit conditions. For this purpose,
the semiconductor branch of the hybrid module might be redesigned. The application of the
components with the higher current ratings could be considered.

Design of the hybrid switch including the semiconductor branch with increasing voltage
withstand could be also the next path to continue activities performed in frame of the
following thesis.

In order to achieve the functionality of the developed hybrid switch comparable with the
electromechanical switches, the application of an additional switch providing a full galvanic
separation in an operated circuit could be considered. This additional switch could be also
controlled through the existing microcontroller system for the defined switching sequence. It
could be closing before the making operation of the hybrid switch, and opening after the
breaking operation of the hybrid switch.

The previous measurement results could be also extended with an increased number of the
switching operations. The electric contacts taken from the switch, which performed
significantly greater the current interruptions (e.g. over 500 000 cycles) could be also
investigated in differences of contact resistances, as well as, mass losses. These measurement
result could predict an expected real lifespan of the switch in the tested circuit.

Another way for the further activities could be extended morphology measurements with
increased ratings of the current and the voltage to indicate the differences in the deformation
of the contact surfaces for worst switching parameters.
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