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Chairman’s Message

Welcome to the Participants of the Conference

When Switzerland was awarded the organization of the 30th International Conference on Electrical Contacts 2020 during the
Advisory Group Meeting in Albuquerque in 2018 we were expecting to arrange a traditional conference.

We selected St. Gallen / Rorschach, a hidden pearl in in the Eastern part of Switzerland, to hold the conference. St. Gallen is a
University City with a long history going back to 612 A.D., Rorschach is beautifully located on one of the biggest alpine lakes in
Europe, the Lake of Constance, maybe one of the most beautiful areas on Earth in the triangle between Switzerland, Germany
and Austria. So far, the plans!

What we did not expect was the appearance of a small virus, which changed the situation globally within a few weeks, making
traveling and bigger meetings impossible. In hope that we could have the 30th ICEC in a normal way, the conference was re-
scheduled to 7-11 June 2021 after consulting the ICEC Advisory Group. Unfortunately, the global pandemic continued to affect
people's lives and health across the globe in 2020 and 2021. To facilitate the exchange of the global Electrical Contact Commu-
nity, while at the same time protecting health and safety of all participants, the Swiss Organizing Committee proposed to
cancel the onsite conference and to take the ICEC 2021 to an online format, which was approved by the Advisory Group in late
January 2021.

Hence, the 30th ICEC 2020 conference and exhibition will be held in a completely online way for the first time ever in 2021.
We, as an Organizing Committee, are excited to be first in the 60-year history of the conference to create a new format, which
was required due to the global pandemic situation. While we will miss the face-to-face interaction, the virtual format enables a
broader group to participate at the conference. The “Hopin” Conference Software will provide an excellent platform

— For authors to present and discuss their work
— For sponsors to present their products and services
— For participants to interact with authors and sponsors

As Chairman, | would like to thank multiple people and organizations who helped to make this conference possible

All Members of the Advisory Group especially the Program Chair Dr. Hans Weichert
Electrosuisse for all the arrangements e.g. Livia Russel

64 experts who peer reviewed all papers

All authors for submitting outstanding papers

All sponsors who enabled the Conference

The Conference covers a wide range of topics. Besides the important areas of contact materials, switching devices and
connectors many hot topics such as DC switching, arc fault detection, higher voltage in automotive applications, simulation
and modelling as well as new technologies will be covered. We wish all of you interesting presentations, discussions and
interactions with other participants and sponsors.

We are excited and welcome you virtually at the ICEC 2020 in Switzerland and wish you informative and enjoyable days.

AN (g P~

/

/

Dr. Werner Johler
Chairman ICEC 2020 and Swiss Member of the Advisory Group ICEC
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Circuit Control Development since the First International Conference
on Electrical Contacts (1961 to 2020)

Paul G. Slade, Consultant, Ithaca, U.S.A., paulgslade@verizon.net

Abstract

The paper reviews 60 years (1961 — 2020) development of circuit breakers, contactors, relays and switches. It also
reviews the developments in measurement and analytical techniques that have enabled the further understanding of arc
interruption and switching contact performance. The introduction of the high-speed oscilloscope in the early 1960s, for
the first time, made possible observation of current and voltage down to the nano-second level. This led to a better
understanding of arc formation, arc interruption and arc erosion. The scanning electron microscope introduced in 1965
permitted the detailed study of arc erosion effects. The addition of x-ray analysis in the early 1970’s allowed a detailed
analysis of elemental changes in contact surfaces. The development of advanced vacuum technology in the late 1960s
enabled introduction of the sealed-for-life, power-vacuum interrupter for medium voltage distribution circuits. In the
1970s electronic sensors began to replace the electro-mechanical sensors to control circuit breakers, contactors and
relays. Integrated circuit technology then was increasingly introduced into these sensors. Today there are many circuit
breakers and other switches that can respond to many types of circuit conditions and determine the action to be taken.
The personal computer (PC) first introduced in the 1980s began a revolution in the engineer’s and scientist’s world.
Who remembers secretaries, the written letter and the slide presentation etc.? The PC became so powerful that in the
1990s circuit breakers and other types of switch could be designed at the engineer’s desk top using 3-D drafting software.
The introduction of finite element analysis (e.g. ANSOFT) and arc modeling software (e.g. FLUENT) has aided the
advanced development of all switching devices. The MEMS (micro-electro-mechanical systems) switches were
introduced in the late 1990s. In the future circuit breakers and other switches will continue to be used to switch and
isolate electrical circuits in spite of the inroads of power electronic devices. They will become more compact and will
also become more intelligent as more advanced sensor technology is introduced. The vacuum interrupter, now the
prevalent technology for 5kV to 40.5kV circuits will start to dominate higher voltage circuits (72kV to 170kV). Perhaps
even the MEMS switch will find a commercial application!

1. Introduction feature in R&D laboratories. The most important

instrument introduced in 1965 was the Scanning

Circuit control using electrical contacts has a long Electron Microscope that, for the first time, allowed a

history dating back to the earliest days of electric power three-dimensional  high-resolution image of the
distribution at the end of the 19" century. Research contact’s surface.

symposia and conferences devoted to electric contact

phenomena only began to be held in the 1950°s. The o ~a

first International Conference on Electrical Contacts ";O;'.' s e

was held in Orono Maine U.S.A., November 1961. At .| tube oscilloscope with

. . i ? | nano-second resolution,

that time, it was called “The International Research :

Symposium on Electric Contact Phenomenon”. It was a

small beginning with only 25 papers and authors from —

only 6 countries (USA, Germany, Austria, Holland, UK ] n :

and Japan). There were 14 papers on switchin o i

P ) pap & High ~Speed Polaroid camera &

contacts, 4 on connectors, 4 on contact theory and 3 on Cameras for Lab | ¢, reyironix 7
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sliding contacts. The instrumentation used to analyze
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the contact experiments was rather basic: volt and amp ——

meters, slow sweep speed oscilloscopes, optical Fig. 1, New instrumentation 1961 -1970

microscopes and photography using photographic film.

None of the papers made reference to the computer. There was a range of low voltage (< 600V) circuit
breakers and contactors. Examples are shown in Figure

2 The Decade 1961 to 1970 2. There was also a wide range of ac and dc and

mechanical and magnetic relays for voltages less than

A new range of measurement tools were introduced 110V. The main contact materials used in these switch

in this decade. Some of them are shown in Figure 1. systems were Ag, Ag-W, Ag-Ni, Ag-CdO, and Ag-C.
The oscilloscopes transitioned from tube electronics to

transistors and had sub-nanosecond resolution. The In the late 1960°s John Wafer and I developed an
screens were cathode ray tubes and polaroid introduced “Integral Motor Controller” that performed the
instant photography to capture the screen’s data. High switching function of a contactor as well as the circuit

speed cameras using photographic film began to be a



protection function of a molded case circuit breaker [1].
In this development we calculated using a slide rule. The

Residential Air Circuit
Breaker

. De-lon Chutes

. Ag-W contacts

. Bi-Metal Thermal

Molded Case Air Circuit Breaker
1. De-lon Chutes
2. Ag-W arcing contacts
3. Ag-Ni Main Contacts
4. Bi-Metal Thermal Overload Trip
5. Magnetic Short Circuit Trip

Size 2 Contactor
1. Bridging Contacts
2. Ag-CdO contact material
3. Adds Relays for Control

P

Overload Trip
. Magnetic Short
Circuit Trip

>

Fig. 2, Circuit switches and circuit protectors 1961-1970

design in Figure 3 was developed using our own
intuition, the help of a skilled draftsman and a skilled
machine shop operator.

Experiments
with the slot
motor TR ———
Our intuition
Ig and knowledge
7 Working with
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| draftsman ey —
ook Testing in a
high power ‘
laboratory
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machine shop
IE operators 150A/440V ‘ 100kA/440V
T 1 million current limiting
Slide with P i
Rule Ag-CdO contacts |

Fig. 3, The Integral Motor Controller

In this decade switching and control of distribution
circuits (5kV to 38kV) was performed by two efficient
circuit breakers; the minimum oil circuit breaker and the
magnetic air circuit breaker [2]: see Figure 4.

| Deion plates |
Shu(e

|~ TopChamber |

Oil Level Gas Vent
Arc interruption system R"""‘"s r
Arcing
Fixed Contact [T [' - Comal:!s
e ower Fixed = ?o’ J
Moving Contact |f : Contact ] | ;
e Terminals 4
Drain Valve 35 &4 — Man
44 g Chamber N
| Contacts
Operating Rod { 7‘ £

Drain Valve L&l Flexible
| Conductor |

Minimum/Low Oil Circuit Breaker 5KV to 36kV

Magnetic Air Circuit Breaker 5kV to 38kV

Fig. 4, Distribution Circuit Breakers 1961 t0,1970

In the 1960°s the General Electric Company (GE)
announced the development of the power-vacuum
interrupter: See Fig. 5. GE’s design used a spiral contact
to control the high current vacuum arc (Figure 6), Cu-
Bi contacts that resisted welding in the vacuum
environment and floating shields to prevent metal vapor
coating the interior insulating walls. This general design
became the benchmark for all future vacuum interrupter
designs. Westinghouse also began its own development
of the vacuum interrupter. They developed a superior
contact material, Cu-Cr. They also introduced vacuum
furnace pumping and sealing. Both became the standard

Metal end plate

TMF Fixed
Contact
Bellows & |
Bellows
4 TMF
Shield Moveable
Contact
Ceramic
Envelope

Fig. 5, The power vacuum interrupter

for all future power vacuum interrupters. Their goal in
this decade was a vacuum interrupter capable of
interrupting 12kA, 15kV with a diameter of 182 mm.
Both companies engaged in significant R&D [3].

Fig. 6 The spiral contact (the transverse magnetic field
contact [TMF])

The main frame computer started to be introduced
and used by researchers in Universities and Industrial
R&D Centers. These were very large systems and
required installation in a large room: See Figure 7. The
computer programs were punched on rectangular cards,

1961 to 1970 Computer Technology: The Main-Frame

Input Output | <[ Central Processor | Tape Dllc
Controller M.gmmc trollrs S(orlgc
" 4 — ngn |

Con rol
— —'. Pnnlor )

-

Card Reader

Computer Program Input to Mid 70's
1. One line of code per card
2. Large stack of cards per program

| Control Console

3. Fortran

| Card Punch Console 1961 -1975

Fig. 7, The main frame computer

one code line per card. A large stack of cards was then
fed into a card reader. Magnetic tape acted as the
computer’s memory. The room was staffed by a number
of operators. The main engineering computer code was
Fortran 4.

2 The Decade 1971 to 1980



In this decade the researcher’s world began to be
impacted by the rapid development of the integrated
circuit which was initially developed in the late 1950s.
In 1971 Hewlett Packard introduced the scientific
calculator, Figure 8, that quickly replaced the slide
rule. They sold millions at a price of $395.00 equivalent
of over $3000.00 today!

Fig. 8, The HP 35 scientific calculator

Computer technology was also developing very
rapidly. The card readers were replaced by direct input
into main frame computers [4]. More user friendly
computer programs were becoming available. Mini
computers appeared that could do most of the work
previously performed by the old main frames. The first
artificial intelligence programs were written. Disc
memory was introduced. Apple and Microsoft were
start-up companies. And Xerox developed the mouse.
Figure 9 shows examples of a mini computer, an early
word processor and the Apple II.

and computer, 1973,

‘ Wang Word Processor
cost $7,400.00

SnO, contact material. The early compounds developed
high contact resistances after frequent switching. Power
vacuum interrupters began commercial production and
the first vacuum circuit breaker sale occurred. The
12kA, 15kV vacuum interrupter now had a reduced
diameter of 104mm. The axial magnetic contact design
for vacuum interrupters that have to interrupt high-
currents was developed. This allowed the high current
vacuum arc to remain diffuse. Figure 10 shows an
example of a axial magnetic contact structure and the
resulting diffuse vacuum arc [3].

Axial Magnetic Field Contact maintains a
diffuse vacuum arc at high currents

Fig. 10, The axial magnetic field vacuum interrupter
contact and an image of the resulting high-current
vacuum arc

3 The Decade 1981 to 1990

The modern age of computer technology really
began in this decade. Figure 11 illustrates the
innovations seen.

1981 to 1990 Computer Technology

- .m-
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Fig. 9, The developing computer systems

Understanding of the impact of the electric arc on
the performance of switching electric contacts
continued to expand. The impact of the rupture of the
molten metal bridge as the contacts open and the initial
development of the arc in metal vapor and its transition
to the arc burning in the ambient gas was recognized. It
was observed that the interaction of silicone oils,
greases and plastics with arcs resulted in high contact
resistances. There was the initial devlopment of the Ag-

computers

[ The Lap Top, 1986 |

Fig. 11, The beginning of modern computer technology

The IBM PC brought computing to the desk top of
scientists, engineers and the general public. The
introduction of the LCD flat screen enabled the
introduction of the portable lap-top computer. The large
mini computer, for the first time, enabled solid
modeling without the having to use a large main frame
computer. One of the most important software
developments in this decade was from Microsoft who
introduced Word, Excel, Power Point and Office. Who
now remembers typewriters, secretaries and conference



presentations that used photographic slides or overhead
projectors?

4 The Decade 1991 to 2000

There was a significant development of
engineering software for engineering design along with
more powerful small computers in this decade: see
Figure 14. The Sun work- station at the beginning of

The 1980s saw the introduction of a new
generation of Molded Case Circuit Breakers. These had
a current limiting ability and were capable of
interrupting 100kA , 440V. They also incorporated

electronic control for sensing overload and short circuit
currents. Vacuum contactors for currents greater than
150A and circuit voltages less than or equal to 600V
were introduced. DIN rail household circuit breakers
gained general acceptance: See Figure 12.
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Fig. 12, The new low voltage circuit breaker and
contactor developments

The recognition that Cd was an environmental
hazard led to the realization that a replacement was
required for the Ag-CdO contact. Continued research
on improving the Ag-SnO; contact resulted in small
additions of WO, or BiO». This permitted this contact
to be used as a replacement of Ag-CdO as it no longer
developed such a high contact resistance after a large
number of switching operations. Also it was realized
that 20% higher contact forces and higher impact were
required for its use in contactors and relays.

By 1990 the installation of new minimum oil
circuit breaker and magnetic air circuit breaker for
distribution circuit protection was beginning to decline.
The vacuum interrupter circuit breaker and the SFg
puffer circuit breaker were taking their place. Figure 13
shows that the vacuum circuit breaker had 50% of new
circuit breaker installations by 1990.
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N
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-
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distribution circuits was being displaced by the new
vacuum circuit breaker and the new SF¢ puffer breaker
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Fig. 14, The development of software and computer
technology for the engineer and scientist

the decade enabled engineers to perform the work of a
skilled draftsman using solid modelling software at
their desks. The PC developed to such an extent that
towards the end of the decade it made the Sun work
station obsolete. The user friendly Finite Element
Analysis software enabled the enginneer to perform
electric and magnetic field analysis.

Intergrated circuit technology continued to change
the engineers’ and scientists’ world as shown in Figure
15. By Christmas 1990, Berners-Lee working at CERN
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Fig. 15, The changes in communications

had built all the tools necessary for a working World
Wide Web: In January 1991 the first Web servers
outside CERN itself were switched on. The first web
browser was available in 1992 and the use of the Internet
gradually became an everyday phenomenon. By the end
of 1994 there were 24 x10° users. Ten years later there
were close to one billion users and last year there were
4.7 billion. Power Point figures replaced slides for all
scientific and engineering presentations. Indeed, I could
not have prepared this paper without the Internet and the
Power Point software. The cell or mobile phone crept
into our existence during this decade and email replaced
the Fax machine for all correspondence except for those



that needed the utmost security. Who writes letters
anymore?

There was a continued development of the Ag-SnO,
contact material. Internally oxidized Ag-SnO,-InO, was
introduced and Ag-SnO» + additives gradually began to
replace Ag-CdO in contactors and relay especially in
Europe and Japan. Electronic sensing and control were
added to contactors and relays. Some of the previous
relays with switching contacts were replaced by
electronic relays.

The R&D into the development of the vacuum
interrupter led to really cost-effective designs. Figure 16
shows the example of the size reduction and hence cost
reduction of the 15kV/12.5kA vacuum interrupter.

182 mm
\ 15kV/12.5kA

design size

102 mm reduction

79mm

72 77 82 87 92 95 02
Year

Fig. 16, The size and cost reduction of the
15kV/12.5kA vacuum interrupter from 1967 to 2002

The continued development of the Cu-Cr contact
material, better understanding and control of the high-
current vacuum arc with TMF and AMF contact
structures and improved design of the floating shield all
played a part in this size reduction. By 2000 the cost of
a vacuum circuit breaker competed so well that it
eclipsed the minimum oil circuit breaker for new
distribution installations.

5 The Decades 2000 to 2020

The late 1990s saw the beginning of a revolution in
photography and camera technology. The digital
camera began to replace the use of photographic film.
The digital images could now be uploaded directly to a
computer and the internet. High-speed digital cameras
also replaced the cameras that required photographic
film. The use of these new cameras permitted direct
study and analysis of the vacuum arc. In turn, it greatly
aided the improvement of the design of high-current
vacuum interrupter contacts. In 2002 the first digital
camera was incorporated into the cell/mobile phone.

The advent of the hybrid and electric automobiles
plus the expanded use of solar power generation called
for new designs of higher voltage (up to 1500VDC),
compact relays and circuit protectors. Figure 17

illustrates one way of achieving the high arc voltage to
cause an artificial current zero in a dc circuit. This was
achieved by using permanent, high-tesla magnets
across bridging contacts. At present there is no coherent

g B field 0.53T
O —

4A, 500V

Use of magnets to give transvers B field (20-157mT)
across open bridging contacts to interrupt up to 50A,
500V. Considered as normal arc blowing. The arc length
with the B field is too short to give 500V !

Fig. 17, The development of a high arc voltage using
transverse magnetic fields across opening bridging
contacts

theory of how the high arc voltage develops with such
a short arc column. Commercial high-voltage relays
now use a similar arrangement inside a hermetically
sealed box containing a hydrogen atmosphere.

The market penetration of the vacuum circuit
breaker shows a complete dominance as is shown in
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Fig. 18, The vacuum interrupter now has close to 100%
share in the installation of distribution circuit breakers
world-wide

Figure 18. While in the 1990s the SF puffer interrupter
was a strong competitor, the realization that SF¢ was a
virulent green house gas led to its replacement by the
environmentally  neutral vacuum interrupter
technology.

The integrated circuit sensing technology
continued to be applied to circuit interruption devices.
One excellent example is the Arc Fault Circuit
Interrupter (AFCI) for household use. Its development
was necessary, because the standard household circuit



breakers could only detect overload and short circuit
currents [6]. It was realized that many household
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Fig. 19, The AFCI tripping curve showing the ability to
detect low current faults

fires developed from low current arcs that went
undetected by the standard household circuit breaker.
Thus a new sensor was required using advanced
intergrated circuit technology. The challenge when
developing the sensor for the AFCI was to distinguish
the low current arcing, a result of a disconnect in the
household wiring, from normal arcing from relays that
were used in many household appliances, e.g. the
electric iron. An example of the trip curve is shown in
Figure 19. The AFCI is now mandatory in all new
house construction in the U.S.A.

One interesting development was the MEMS
(micro elcctro mechanical system) switch [7].

design and initial prototype development. The contrast
from the way new prototypes were developed in the

Micro-Switch

Fig. 20, The MEMS switch: note the dimensions

Figure 20 shows an example of a design that has the
dimensions of about 100pm or 0. Imm. It was suggested
that it would find a use in radar systems, high precision
test equipment, cell phones, phase shifters, impedance
matching networks and tunable filters. The major
challenge was to find a suitable contact material that did
not oxidize and also resisted welding. While R&D
continues to perfect this device, as of 2020, no
commercial MEMS switches have been marketed.

By 2020 the design engineer has complete
control over new circuit breaker, contactor and switch
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Fig. 21, The design and development for prototype
interrupters from the engineer’s work station.

1960s as seen in Figure 3 is enormous. Figure 21
illustrates the way a design engineers has complete
control from his work station.The software available
even permits the engineer to model the electric arc and
its motion as the contacts open. The solid modeling
programs replace the need of a skilled draftsman. It is
possible to estimate the new device’s performance
before building a prototype. In the future 3-D printing
will reduce the need for a skilled machinist for the first
prototype model. The new designs will still have to be
certified by testing at a recognized laboratory to UL,
IEEE, and IEC standards before they are ready to be
sold to potential users.

6 The Future, Post 2020

The addition of electronic sensing to circuit
breakers, contactors and relays will only become more
prevalent. Figure 22 shows an example of the what can
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Fig. 22, The future of residential smart switching

be expected for new household construction. Smart
switching will also have to be developed for the factory
of the future. Here  cogeneration using power
generating stations, solar panels, wind turbines and fuel
cells will have to be coordinated: see Figure 23.

The vacuum circuit breaker will continue to
dominate the protection of distribution circuits (5kV —
40.5kV). As it will be necessary to reduce the downtime
of these circuits, the vacuum recloser (a specialized
version of the vacuum circuit breaker) will require



more. specialized sensing and communication capabilty
[3]. Also the need to reduce the use of SF¢ the SFe
puffer circuit breaker used for transmission circuits
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Fig. 23, The future of factory switching

(72.5kV — 750k V) will gradually be replaced by high-
voltage vacuum circuit breakers. DC transmission of
current, specially from off-shore wind turbine farms,
will require the use of dc circuit breakers. Designs using
vacuum interrupters are already being discussed [9].

There is, however, an elephant in the room
(Figure 24) which will affect the future of switching

Fig. 24, The elephant in the room!

with electric contacts. This is the continued application
of power semiconductors such as the IGBT (The
integrated-gate bipolar transistor). This device is
continuing to be developed and is capable of interrupting
increased levels of current. It is also able to withstand
higher circuit voltages. A single IGBT now has a current
rating > 1kA and a voltage rating > 1kV [8]. It is capable
of high speed switching for both ac and dc circuits. It can
easily coordinate with electronic sensing circuits.
Figure 25 gives some examples of solid-state
interrupters

Solid State
Circuit Breakers

Solid State
Contactors

IGBT & IGCT
Voltage rating >1kV
Current rating > 1kA
High speed switching
High conduction

State voltage 1V-2V
Relays AC and DC operation

RSO =

o

Fig. 25, Examples of solid-state circuit breakers,
contactors and relays available in 2020.

They do have, however, two major disadvantages:

1) They require 1V to 2V across the
semiconductor to conduct current

2) When open they do not have the complete
circuit isolation of open contacts.

7 Conclusions

1) 60 years on from the 1% International Contact
Conference has seen an increased understanding of
switching contact science

2) In the past 60 years two major contact structures
have been developed:

1) Ag-SnO, + additives that is replacing Ag-
CdO for air contactors and relays

2) Cu-Cr that is the contact of choice for
power vacuum interrupters

3) 60 years on from the 1% International Contact
Conference the development of new switching
devices using electrical contacts has been
continuous:

1) Circuit breakers, contactors and relays
have now incorporated electronic sensing

2) The vacuum interrupter is now the
interrupter of choice for distribution
circuit voltages (5kV — 40.5kV)

4) Solid-state switching devices are making inroads
into traditional switch markets that use electrical
contacts. They will occupy a larger niche market in
the future, but will not entirely replace circuit
breakers and other power switching systems using
electrical contacts. Also, open electrical contacts
will still be needed to provide total circuit isolation.



5) 2020 computer software has transformed the
design, development and prototype manufacture of
circuit breakers and other switching devices.

6) In 2020 computers, computer software and the
instruments available for studying switching
contacts and switching systems would have
seemed like science fiction in 1961.
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Abstract

Contact welding failure considerably influences the electrical lifetime and reliability of electromechanical
switching devices. Also, the welding characteristics correlate closely with physical properties of contact materials,
contact force, current level and duration. In this paper, a novel experimental method for reoccurring the welding
phenomenon between two closed contacts is proposed. And the welding force and associated welding trace are
measured simultaneously. Furthermore, the effects of current load and static contact force on the welding
characteristics of different contact materials (Ag, Cu, AgSnO, and AgNi) are investigated explicitly. Finally, a
modified mathematical model for calculating threshold welding current of elastic contact is proposed.

Key words: Contact welding, welding force, welding trace, contact force, threshold welding current.

1 Introduction

As known, contact welding can occur if a high
enough current passes through closed contacts and
causes the contact spot to melt [1]. The excessive
welding force for switching contact in such state can
lead to the contacts failed to open and must, therefore,
be addressed.

Slade [2-4] did a lot of theoretical research and
experimental verification work to determine the ability
of vacuum circuit breakers to withstand short circuit
current, and concluded that the threshold welding
current of butt contact is directly related to current load,
static contact force and material properties. In addition,
Tslaf [5] proposed a thermal conduction model for
cross bar contacts, and pointed out that the weldability
of different contact materials is determined by
coefficient #,, which depends only on melting
temperature, resistivity and heat conductivity. Kharin
et al. [6] established a mathematical model of contact
welding for AC current half-wave, and proposed the
calculation method of welding area considering the
softening contact zone.

Moreover, much efforts have been devoted to the
experimental research of the contact welding
characteristics. Borkowski et al [7] reported an
automated test stand for testing contact welding at a
high current load, which can measure contact voltage
and welding force synchronously. Slade et al. [4]
experimentally investigated the effect of short circuit

current on the welding of closed contacts in vacuum
circuit breakers for contact force of 1.3-2.1kN and
current of 20kA, and concluded that the increase of
contact force and/or the reduced of current duration
could reduce the welding probability. Chalyi et al. [8]
examined the effect of short-duration pulsed current on
closed contact for contact force of 100N and 300N, and
found that the welding force increased with the
increase of pulsed current.

Nevertheless, power electromechanical relays have
been designed to withstand inrush overload current in
recent years. So, it is urgent to know the influencing
factors of welding force of contact material. However,
the threshold welding current of silver metal oxide
materials and further associated welding characteristic
for contact force of tens of mN remain unexamined.

The objective of this paper is to design a novel
experimental evaluation method of welding
characteristics, which can reoccur the welding
phenomenon between two closed contacts, and in situ
measure the welding force and welding traces
synchronously. In Section II, the designed novel test rig
and experimental conditions are introduced, then the
typical transient waveforms of contact force and the
pictures of the welding trace and associated welding
area are given explicitly. In Section II1, the effect of the
current duration, initial contact force, material
properties and contact current on the welding
characteristics are studied experimentally. Finally, a
modified mathematical model for calculating threshold
welding current of elastic contact is proposed.



10

2 Experimental Details
2.1 Description of the test rig

In general, the test rig allows researching the
welding behaviors of contact materials under different
contact force and inrush current load. It was designed
to fulfill the following goals, i.e.:

® Variable initial contact forces, inrush current levels,
current duration, and breaking velocity to achieve
the contact welding condition simulation of
materials.

® Synchronization of data with electric actuator to
allow measurement of welding force and welding
trace in situ during contact breaking process.

® Electrical endurance tests with different operation
modes, including MO (only making with load,
breaking without load), BO (only breaking with
load, making without load) and M&B (making and
breaking both with load).

Power source

SSR Resistive

1
\ Static force

)

)

)

1 Dynamic force

1

1

'
H
+ Contact current

PCI-1706

Compute|

Fig.1  Schematic plot of the new designed test rig (1.
Strain transducer 2. Flexible joint 3. Movable contact
4. Stationary contact 5. Insulation block 6. Dynamic
force transducer 7. Muti-axis stage 8. Axis Y’ LTS 9.
Stepper motor 10. Telecentric lens)

A schematic diagram of the test rig is shown in Fig. 1.
The test rig consists of four main units, including
mechanical structure, measurement module, optical
module and PC. The measurement of welding force is
realized by a piezoelectric dynamic transducer
(209C11, PCB, USA) with the upper frequency limits
of 30kHz and the force resolution of 0.09mN. The
initial contact force is measured by the strain
transducer (FA404-2kg, FIBOS, China), which
provides a resolution of 1mN.The contact current is
measured by hall current sensor, which has the
resolution of 50mA. The horizontal actuation of the
movable contact is obtained by the electric actuator
(RCA2, IAI, Japan). The actuation of the stationary

contact in ‘Y’ direction is obtained by means of a
precision slider that is pushed by a stepper motor
(42HB40, Leadshine, China). The optical module
allows in situ observation of the contact surface
morphology, which includes a color charge-coupled
device (CCD) camera (MV-SUB1600C-T, Mindvision,
China) with the pixel of 1.34um X 1.34pm and a
telecentric lens with 2mm depth of field. The captured
photograph could be read from USB3.0 interface of
camera, which is connected with a personal computer.
All above signals including contact current, dynamic
force and static contact force are acquired by the
commercial DAQ system (PCI1706, Advantech,
Taiwan), which has a measurement resolution of 16
bits and a sampling frequency of 250 kHz. The
instrument is interfaced to an industrial computer
through PCI bus. Data acquisition and logging process
are controlled by LabVIEW software.

Fig.2 shows a schematic of the excited current
passing through the closed contact for producing
welding. The contact current /; and current duration ¢
could be adjusted by power source and solid state relay
respectively.

1
t

Lr————-

t

Fig.2 Illustration of the excited current passing
through the closed contact for producing welding.

The experimental sequence was:

(a) The position of the stationary contact was adjusted
to the central axis by the muti-axis stage. Then the
electric actuator was used to control the movable
contact to approach the stationary contact at the
speed of 10um/s, until the contact force reaches the
experimental setting value.

(b) The contact current [y was controlled by the solid
state relay to pass through the closed contacts for
the required current duration #.

(¢) The current was switched off and two minutes later
the electric actuator was used to control the contacts
to break at the required speed, and the dynamic
force and contact displacement were measured
simultaneously.

(d) The stationary contact was moved in ‘Y’ direction
to the CCD camera view by means of a precision
slider that is pushed by a stepper motor. Then the
contact surface morphology and associated welding
trace were observed.



2.2 Experimental conditions

The contact materials are Ag (99.99%), Cu (99.99%),
AgSnO; (88/12) and AgNi (90/10). The movable
contacts are cone-shaped, and stationary contacts are
plane-shaped, and the Rhino-3D of experimental
samples are shown in Fig.3. The samples are degreased
using alcohol and distilled water in an ultrasonic
cleaner, dried and carefully mounted in the test rig. The
details of the experimental conditions are listed in
Tablel.

Unit: mm Unit: mm

(b)
Rhino-3D of samples. (a) Cone. (b) Plane.

Fig.3

Table 1 Experimental conditions

Environment Ambient temperature

Ag, Cu, AgSnO,, AgNi

Contact Material

Contact Current 60-160A
Current Duration 1-2000ms
Initial Contact Force 20-800mN
Maximum opening Velocity 30mm/s
Resistance 0.1Q

2.3 Measurement of welding force

The typical example of measured dynamic force
transducer signal and actuator position waveforms
during contact breaking is illustrated in Fig.4.
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Fig.4 Typical waveforms of dynamic force

transducer and actuator position during the contact
breaking process (Contact current:140A, Contact
force:50mN).

There is an obvious continuously drop in the force
signal from ‘A’(134.5mV) to ‘B’(-53.3mV) and the
associated actuator position increases from 0 to 0.4mm

simultaneously, and then the force signal increases to

the steady value of ‘D’(109.1mV) after 3ms fluctuation.

The transducer has non-zero voltage signal output
when it is not stressed, and the voltage ‘D’ is selected
as a reference, we define the difference of two
electrical potentials (‘B’ and ‘D’) as the maximum
welding force and the voltage potential difference
between ‘A’ and ‘D’ represents the static contact force.
Taking the sensitivity of the force transducer is
2.022mN/mV [9], the maximum welding force is
measured as (109.1+53.3) mV x2.022mN/mV =
328mN, and the associated static contact force is
(134.5-109.1) mV x2.022mN/mV = 51mN.

2.4 Welding trace and associated area

Fig.5 shows the representative surface morphology
of AgSnO, contact material for breaking contact
current of 140A, current duration of 500ms and initial
contact force of 50mN. Fig.5 II is a zoomed-in view of
welding trace in the centre of Fig.5 I, and the crescent
shaped area surrounded by the green dotted line is the
welding area.

2705
pixels

o —_-{f_"ji;l m o
Photographs of contact obtained from CCD
camera (Welding force: 328mN).

—— S0pm

Fig.5

As shown in Fig.5, the contact diameter (3mm)
corresponds to the pixel value 4388. Thus, the length
of a single camera pixel / is calculated as
[1=3/4388=6.837x10"*mm, and the area of a single pixel
is equal to the square of the pixel length /, that is,
a=F=4.674x10"mm?. The area surrounded by green
dotted lines is measured as 2705 pixels. Hence, the
welding area 4, can be written as A4,~2705
xa=1.264x10"mm?.

The SEM images of the sample in Fig.5 are shown
in Fig.6. I and III in Fig.6 are movable contact and
corresponding stationary contact separately. The
zoomed-in view of contact region are shown in Fig.6 11
and IV, and the welding traces in both figures are
surrounded by green dotted lines. As shown, the
welding area is crescent shaped and consists of two
parts, and welded fractures and cracks are observed.
Nevertheless, no obvious material transfer is found in
welding area of movable and stationary contacts and
therefore leads to weak welding force, only 328mN.

M
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Fig.6 SEM pictures of contacts after experiment
(Contact current:140A, Contact force: S0mN)

The standard length of 10um in Fig.6 1I
corresponding to the pixel value 102, so the length of a
single camera pixel / and the associated area a are
9.8x10"mm and 9.61x10”mm? respectively. The sum
of the two parts in Fig.6 II, 109898 pixels and 18307
pixels, is the welding area, which is equal to 1.232x10
3mm?. In contrast to the welding area obtained by SEM,
the difference of welding area is 2.6%.

3 Results and Discussion
3.1 Effect of current duration

The average value and error band of welding force
are graphed versus the values of current duration for
constant current of 140A and initial contact force of
50mN in Fig.7.
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Fig.7  Variations in welding force as a function of

current duration (Contact material: Ag)

As the current duration increases from 1ms to 5ms,
the average of welding force increases from 113mN to
203mN. While the current duration is longer than 5ms,
the variation in current duration has negligible impact
on the welding force, which suggests that the welding

force tends to be stable with increasing current duration.

Also, the standard deviation of the welding force
decreases from 69.7mN to 14.9mN with the increase of
the current duration from 1ms to 2s, which indicates
that the current duration considerably influences the
fluctuation range of the welding force.

The contact melting and welding is formed by Joule
heat due to the passage of high current through
constriction. The melting heat of contact material O,
can be expressed as the difference between the heat
production O, and the heat dissipation Oy, where O, is

Q,=I'Rt (M
where / is the contact current, R. is contact resistance
and ¢ is the current duration. According to (1), the heat
production Q, is proportional to the current duration ¢,
therefore increasing the current duration ¢ will increase
melting heat O, and result in a strong welding
phenomena, on the assumption that the heat dissipation
Q. would be constant. However, the welding force is
independent of the current duration when the current
duration is longer than 5ms, as shown in Fig.7. The
exact reason for this is speculated to be connected with
the relationship between material hardness H and
temperature 7 [1]:

H=H,[1-B(T~T,)] @)

F=4H (3)

With the use of (2) and (3), the 4. can be expressed
as:

R @
H  H[1-p(T-T))]
Where H is the hardness at ambient temperature 7y, S
is a constant dependent upon the contact material, F, is
the initial contact force and A. is the contact area.
Admittedly, the high temperature 7 is always
associated with the longer current duration ¢
According to (4), the variation features in temperature
T determine the contact area 4., which is inversely
proportion to the corresponding contact resistance R.,
on the assumption that the contact force F. would be
constant. So the long current duration ¢ leads to the low
contact resistance R., suggesting that the heat
dissipation (Q, increases and heat production Q,
decreases (according to (1)) with increase of current
duration ¢. The relationship between heat dissipation Qq,
heat production Q, and current duration ¢ indicates that
the heat production O, and heat dissipation Oy will
reach a balance with increase of current duration ¢
Therefore, the welding force remains unchanged after
the current duration longer than Sms.

3.2 Effect of initial contact force

Fig.8 shows the distributions of welding area and
welding force in terms of initial contact force for
contact current of 140A and current duration of 500ms.
As shown, the increase of the initial contact force
causes the welding area and welding force decreases



monotonously from 1.73x10mm? to 0 and 408mN to
0 respectively.
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If the contact resistance R, could be equivalent to the
constriction resistance, which is written by [1]
_p _mp )
© 2a 24
Where p is the resistivity of contact material, a is the
radius of contact spot. According to (3) and (5), it is
reasonably believed that the high initial contact force
F. could increase the contact area 4. and reduce the
contact resistance R.. Therefore, the strong initial
contact force is always accompanied by low heat
production O, and weak welding phenomenon.

3.3 Effect of material

Fig.9 shows the welding area and welding force of
Ag, Cu, AgSnO, and AgNi for contact current of 140A,
current duration of 500ms and initial contact force of
50mN.
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Fig.9 Welding area and welding force for Ag, Cu,

AgSn0O; and AgNi

As shown, the strong welding force always relates to
large welding area, and the average of welding force of

Ag, Cu, AgSnO, and AgNi are 20ImN, 212mN,
325mN and 394mN, and the associated welding area
are 0.98x10°mm?, 0.95x10°mm?, 1.26x10mm? and
1.51x103mm?, respectively. Due to the tensile strength
of the materials is not the same, the ratios of welding
force to welding area are significantly different in Fig.9.
It should be noted that the welding area of Ag is slightly
larger while the welding force is weaker than that of
Cu.

3.4 Effect of load current

Fig.10 shows the variation of welding area and
welding force as a function of contact current of Ag,
Cu, AgSnO, and AgN:i for initial contact force of SOmN
and current duration of 500ms.
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Fig.10 Variations in welding area and welding force
as a function of current for Ag, Cu, AgSnO, and AgNi.
(a) Welding area. (b)Welding force.

The results for AgNi show that there is a significant
linear correlation between welding area, welding force
and contact current. As shown, the increase of the
contact current causes the welding area increases from
0 to 1.77x10°mm? and the associated welding force
increases linearly from 0 to 441mN, and the slope is
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1.86x10° mm?*/A and 4.79mN/A respectively. Also, the
welding area and welding force of Ag, Cu and AgSnO,
increase linearly with the current. We defined the
intersection of fitting slope and x-axis as threshold
welding current, then the threshold welding current of
Ag, Cu, AgSnO; and AgNi are calculated as 66A, 64A,
62A and 61A respectively.

According to [2], the threshold welding current of
material depends on the properties of the contact
material, and the threshold welding current /,, can be
expressed as:

Um
L= (6)
Where U, is the melting voltage of material, R is
contact resistance. Substituting (3) into (5), the radius
of contact spot is given by:

F

C
H (7
The resistivity pr for a contact spot at a high
temperature 7 than the ambient temperature 7 can be
written by:

a=

pr=po[1+§a(T—To>] ®)

Where py is the contact material’s bulk resistivity and
o is the temperature coefficient of resistivity. If the
blow-off force is considered, the total force holding the
contacts together is:

F =F-445x10"1} 9)
Substituting (3), (5) and (7)-(9) into (6):

. 2, \[F.

[{0.17[H0p[1+§a(7'1—7'0)]}2+1.78><10"‘Umz]”2 (10)

Where T} is a temperature close to, but lower than the
melting temperature. Table 2 shows the relevant
physical properties of Ag, Cu, AgSnO, and AgNi.

Table 2 Physical properties [1,2,10]

Ag Cu AgSn0O, AgNi
Un[V] 0.37 0.44 0.57 0.37
p[Qmm] 1.59x10°  1.65x10°  2.0x10° 1.92x10
a[l03/K] 3.8x107 3.9x103 3.1x1073 3.5x103
T,[K] 1234 1356 1873 1233
Ho[N/mm?]  300-700 400-900 600-1000  500-1100

Taking the initial contact force F. as 50mN, the
ambient temperature 7y as 293K, then the range of
threshold welding current 7, of Ag, Cu, AgSnO, and
AgNi are calculated and plotted in Fig.11. As shown,
the maximum welding current of Ag, Cu, AgSnO, and
AgNi are 230A, 216A, 183A and 181A respectively.
High threshold welding current required suggests hard
to weld, so the Ag is most difficult to weld and the
welding force of Ag, Cu, AgSnO, and AgNi is
inversely proportion to the threshold welding current.
It indicates that the welding force of Ag is the weakest,
whereas the welding force of AgNi is the strongest,

which shows a good agreement with the results in
Fig.10 (b).
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Fig.11 Comparison between the calculated values
and experimental values for AgNi, AgSnO,, Ag and Cu.
(Contact force: S0mN)

It is noted that, the threshold welding current
calculated from equation (10) in Fig.11 deviates
obviously from the experimental results. The exact
reasons for these differences are speculated to be
connected with the relationship between contact radius
a and contact force F.. Considering that the contact
radius « in (7) is calculated based on plastic
deformation, which is not suit to the case of low contact
force. The relationship between contact radius a and
contact force F. of tens of mN should be elastic
deformation. The contact radius a under elastic
deformation is described as

a:3E“r (11)

Where E is the modulus of elasticity and r is the radius
of sphere. Substituting (5), (8), (9) and (11) into (6):

— 72
2U,,,3/F 445x1071,7
I, = E (12)

pll+Za(,~1,)

1} +445x107 = (%)—’ %
poll +§06(T1 -1l
(13)
2
_ﬂ(—U'n Y =0

E 2
po[1+§a(T]—To)]

Table 3 Modulus of elasticity [1,2]

Ag Cu AgSn0O, AgNi
E [GPa] 79 115 86 84

Table 3 shows the modulus of elasticity for Ag, Cu,
AgSnO; and AgNi .Taking the initial contact force F.
as 50mN and the radius of sphere 7 as 200pm, then the
calculation results of threshold welding current from
(13) are shown in Fig.11. As shown, the threshold
welding current of Ag, Cu, AgSnO, and AgNi are 69A,
63A, 65A and 59A, respectively. In contrast to the
experimental results, the calculation errors of (14) are



4.5%, 1.6%, 4.8% and 3.3%. Therefore, the calculated
values of threshold welding current /,, from (13) are in
good agreement with the experimental values.

The relationship between welding area and welding
force of Ag, Cu, AgSnO, and AgNi for contact current
of 0-160A, current duration of 500ms and initial
contact force of 50mN is shown in Fig.12.
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Fig.12 The relationship between welding area and
welding force for Ag, Cu, AgSnO- and AgNi

As shown in Fig.12, all of the recorded welding area
are distributed within the range 0-2x10mm?, and there
is a clear trend that the average of welding force
increases with the increase of welding area.

According to [1], the welding force F, is given by

F, =TA, (14)

where I is the material tensile strength. Hence, the
fitting slope in Fig.12 represents the material tensile
strength I". As shown, the tensile strength of Ag, Cu,
AgSn0, and AgNi are 192 N/mm?, 217 N/mm?
241N/mm? and 248N/mm?, respectively.

Furthermore, the relationship between welding force,
welding area and contact current can be obtained by
introducing the threshold welding current and tensile
strength:

A, =k(I-1)) (15)

F =kI'(I-1) (16)

For initial contact force of 50mN, the coefficient k&
and the tensile strength /" are shown in Table 4.

Table 4 Characteristic parameters

Ag Cu AgSnO, AgNi
k[mm?*A] 1.49x10°  1.27x10°  1.51x10°  1.86x10°
TN/ mm?] 192 217 241 248
I, [A] 69 63 65 59

4 Conclusions

A novel experimental evaluation method of welding
characteristics, which allows to accurate, real time and
in situ welding force, welding trace, contact current,
current duration and contact force measurement was
described. It is found that the welding trace can be
accurately captured by using CCD camera combined

with a telecentric lens. The preliminary results showed
that the welding phenomena tends to be stable with the
increase of current duration, and the welding area and
associate welding force are significantly affected by
the contact force. Furthermore, the measured welding
force of Ag is the weakest, whereas the welding force
of AgNi is the strongest for the contact current of 60-
160A. Finally, the threshold welding current
calculation based on the elastic deformation contact is
more suitable for low contact force situation.
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Series Electric Plasma Discharges of Failing Contacts up to 10 A
at Various Materials

Peter Zeller, University of Applied Sciences Upper Austria, Wels, Austria, peter.zeller@th-wels.at

Abstract

Latest, efficient and cost competitive power electronics products are providing the technology to realise future DC
powered energy supply. Apart from a number of advantages of DC systems (lower power losses compared to AC
systems, no capacitive losses, etc.), one challenge of DC systems is to treat arc faults. Especially series arcing can
be very stable and has to be detected by appropriate approaches in order to avoid long lasting and very stable
plasma discharges. In literature, the analyzation of the spectrum of either the system current or - voltage is intro-
duced. The aim of this work is to investigate whether such an approach will provide a reliable method to detect
series contact faults in general with a special focus on the feedback of plasma discharges to the signal noise across
a failing contact. Experiments in a current range from 1 A to 10 A at low inductive (0 mH) and high inductive
(4 mH) loads were performed. The failing contact was filmed by means of a colour high speed camera. The voltage
signal was split into subsequent 1 ms observation intervals, where the spectrum was processed by a standard FFT
algorithm. Defining a harmonic content (HC) value (square root of the sum of the quadratic amplitudes of the
single harmonics) and an arbitrary HC trigger level, the failing contact could be detected with a good performance
for copper (96% to 97% correct detections) and aluminium (97% to 98% correct detections), whereas the detection
rate for brass and steel was poor. These results are corresponding to the plasma discharge phenomena (glowing
contact and arc): any deflection from the stable plasma discharge equilibrium by plasma root displacement, contact
material eruptions, etc. cause detectable noise. The permanent disturbance of the plasma by the effects listed before
are strongly correlated with the contact material performance. Future work should cover the transfer of results for
this specific detection method for more realistic circuits and sensor locations, as well as the improvement of the

detection algorithm by multiple subsequent trigger processing.

1 Introduction

The enormous progress of power electronics technol-
ogy with respect to power density, energy efficiency,
reliability, and costs provides the basics for a transition
of the traditional AC power supply approach into a DC
approach [1]. DC grids provide numerous advantages
compared to AC grids such as no extra losses caused
by reactive power, no capacitive current losses, and no
skin effect. However, DC systems require more atten-
tion with respect to insulation and protection technol-
ogy. One specific fault situation is electric arcing
caused by series or parallel faults. In DC systems, very
stable and long lasting arcs may be observed because
of the lack of no natural current zero conditions (as in
AC systems), which will be required for the arc plasma
to cool down, lose its fault current carrying ability and
finally lead to the interruption of the affected electric
circuit. Furthermore, series arcing (caused by failing
contacts) may not be detected by classical protection
approaches such as fuses or miniature circuit breakers,
because any series fault is acting as an extra series cir-
cuit resistor, which will cause the electric current to
drop instead of increasing the current up to relevant
trigger values, required by any protection device. As a
consequence, new approaches for detecting any failing
contact should be developed for future DC networks.

In literature, a very promising approach of analysing
the noise, caused by instable arc plasma, is introduced
and intensively investigated for AC systems [2-4].
Here, the reigniting of the arc after current zero gener-
ates a detectable noise (harmonics) which can easily be
detected by various fast Fourier transformation algo-
rithms. [2-4] is also proposing spectrum analyses ap-
proaches for DC systems. However, less DC harmonics
will be generated compared to AC applications because
of the lack of natural arc re-ignition. This could cause
sophisticated processing of the spectrum of any current
or voltage signal and appropriate trigger algorithms.
Furthermore, such a trigger approach has to work for
all typical kinds of materials and configurations of the
grid as well as for all operational current and voltage
values, in order to reduce the need of intensive adjust-
ment of such trigger systems by expensive experts for
different applications. The goal should be the availabil-
ity of protection devices with low of adjustment effort.
As a consequence, intense and basic research is re-
quired to analyse the origin of noise in the voltage and
current signal caused by an electric series arc under
various parameters like contact material and equivalent
circuit values like Thevenin resistor or inductive loads.
Subsequently, research activities were initiated in order
to carry out basic investigations with respect to the
noise generated by electric arcs between failing con-
tacts. Domestic applications should be considered only.



Therefore, the current range was limited to a maximum
value of 10 A.

As a basic assumption for the research, it was assumed
that the failing contact is defined as the occurrence of
an electric arc or at least a too high voltage drop be-
tween two electrodes of an almost infinite small con-
tact gap.

Furthermore, the detection of a failing contact should
be realized with existing sensors of the applications
(power electronics units) and should not require any
extra installation of additional sensors. However, for
the investigations published in this paper, the current
and voltage noise across the contact should be directly
investigated in a first step. It should be analysed
whether the failing contact will cause significant noise
at all, before complex algorithms have to be developed
and implemented into the signal processing units of
power electronics devices or loads of DC systems.

1.1 Basic circuit

For the investigations, a very simple and very basic cir-
cuit was introduced (Fig. 1). It consisted of a DC
source (open loop voltage Ug, Thevenin resistance Ry,
Thevenin inductance Lty,), an ohmic / inductive load
(R, Ly), and a contact with a voltage drop across the
contact uc(t) as a function of time. Most real circuits
can be reduced to such a basic arrangement.
Introducing the equations for the relation between the
voltage drop at the components and the current i(t) in
the loop Kirchhoff’s voltage law leads to equation (1).
Analysing equation (1), any random noise in either the
current i(t) or the voltage drop across the contact or
the circuits components can be generated by the con-
tact only.

d

Us = uc(®) + i) Rep + Ry) + 50 (L + L) (1)

d

Contact

Thevenin Equivalent

Fig.1 Basic circuit with a Thevenin source, a series
contact, and an ohmic inductive load.

Therefore, the processes and effects of the discharge at
the failing contact and any random deflection from a
natural “multi physics equilibrium” of the discharge
will generate noise in the electric circuit. This is an im-
portant difference to any AC application. As mentioned
above, it is assumed that a failing contact is defined as
the presence of electric arc plasma between the contact
electrodes. At AC, the re-ignition of the electric arc af-
ter current zero will cause noise naturally. This is the

most relevant reason why arc fault interruption via
noise detection at DC is much more sophisticated com-
pared to AC situations.

In order to become more specific with the meaning of
the term “multi physics equilibrium”, a short introduc-
tion into the relevant arc physics principles shall be
given in the next chapter.

1.2 Arc physics / origin of noise

It is assumed that slow (aging) processes causes the
failing of the contact. As a consequence, short arcs be-
tween electrodes of low gap distance are considered in
further discussions. The feedback of the electric plasma
discharge to the electric system may be described by
analysing the electric arc characteristic’s equation (2).
The voltage drop across the contact gap uc is the sum
of the cathode drop uc,, the anode drop u,,, and the
voltage drop in the very short plasma column up (i) [5].
While the cathode and anode drop could be assumed as
constant (current independent; defined as the minimum
arc voltage in [5]), the plasma column voltage drop is
strongly influenced by the conductivity of the plasma
volume and the plasma structure / extension. Very short
arcs contain evaporated and ionised electrode metal
mainly. The temperature of the plasma defines the
number of free (by ionization processes generated)
charge carriers [6]. The mobility and the number of free
charge carriers influence the conductivity. Therefore,
the plasma temperature, -composition, -density, and -
geometry are the main parameters influencing the volt-
age drop in the plasma column region.

Uc = f(l) = Uca + Upn + uP(i) (2)

Based on the considerations above, any disturbance of
the thermal equilibrium or the change of the geometry
of the plasma volume will cause a change of the plasma
voltage up(i) and could therefore be identified as the
main responsible origin of noise. As a consequence it
is expected, that the specific contact material property
exposed to an electric arc (such as boiling behaviour)
is influencing the generation of noise significantly. In
combination with the conclusion out of equation (1)
any series arc detection based on FFT algorithms must
be affected by the choice of the contact material. Hence
the specific effects of initiating any arc instability are
one of the specific focus of the research documented in
this paper.

2 Experiments

In order to cover a wide range of possible (real) param-
eters, a variation of the inductivity in the circuit (sum
of the single inductors in the circuit Fig. 1) and a vari-
ation of the current from 1 A up tot 10 A in one ampere
steps were combined for the single experiments ac-
cording to Table 1. It was the goal to investigate the
interaction in between the electric arc and the DC
source only. Hence the sum of the two series resistors
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was assumed as 0 QQ no extra ohmic resistor was intro-
duced to the circuit.

Material Current | Inductor
Copper 1...10 A 0 H, 4 mH
Aluminium

Brass (MS58)

Steel

Table 1 Set of parameters for the experiments, for all
parameter combinations four single experiments have
been carried out; the current value was adjusted from
1 Aupto 10 Ain 1 A steps for every material and in-
ductor combination.

With each specific set of parameters, four single exper-
iments were carried out.

2.1 Test equipment

With the test equipment (Fig. 2), automated test se-
quences could be performed. The equipment consisted
of two series interconnected commercial DC sources
(power electronics) operated in constant current / con-
stant voltage mode. The maximum voltage of the
source was adjusted to 600 V. Since the voltage drop at
small contact gaps is close to the minimum arc voltage
(typically 10 V to 15 V for the applied contact materi-
als) the DC sources had been operated in constant cur-
rent mode mainly. In case of any random interruption
of the circuit by the opened contact, the power supplies
switched to constant voltage mode. The voltage and
current control was defined by the implemented control
algorithm of the supplier.

The pair of contacts (materials see Table 1) was opened
by means of a computer controlled stepper motor drive
at one contact piece. A pneumatic piston at the other
contact piece provided a constant contact force of 5 N.
The voltage was measured by means of a differential
voltage probe with a limiting frequency of 100 MHz. A
hall probe current sensor was applied to measure the
current with a limiting frequency of 2 MHz.

T pairof contacts  Plasma
Fosimatic Piston Linear Stepper Motor

5N
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=
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! 2MHZY, OH,4mH — 10MHz

[ s -

| N - !

]
PC
NI LabView

Fig.2 Measurement equipment of the experiment;
voltage sensor: differential probe, limiting frequency
100 MHz; current sensor limiting frequency 2 MHz;
signal recording a transient recorder (sampling fre-
quency 10 MHz); colour filming of the plasma with
10000 to 20000 frames per second.

The voltage and current signal have been recorded with
a transient recorder for 0.4 s (maximum memory of the
instrument) with the (maximum) sampling frequency
of 10 MHz. The data was transferred to a personal
computer via a glass fibre transmission. A high-speed
camera integrated into the systems (triggered by the
transient recorder) filmed the contact plasma with
frame rates of 10000 and 20000 frames per second. A
tele lens (210 mm focal length) attached with extension
tubes (30 cm total length) to the camera provided
close-up images of the contact opening process. The
whole setup was steered via a personal computer by a
specific developed control software. An inductor
(4 mH) introduced for some experiments influenced
the dynamics of the power supply control.

2.2 Test routine

The power supply was switched on at initially closed
contacts. After all switching transients had been faded
out the contact separation was initiated. While operat-
ing the stepper motor the contact voltage was measured
continuously. At 6 V contact voltage, the stepper motor
stopped, and the transient recorder started to record
both, the voltage and the current signal. Consequently,
the voltage and current were measured at a very small
contact gap imitating a failing of a pair of contacts by
a long term ageing effect or slowly contact force de-
generation.

3 Measurement results
3.1 Signals, arc structure, and noise

For a better understanding of the effects at the opening
contact gap, the obtained raw signals will be discussed
in the following chapters.

3.1.1 Low inductive circuit

For all results, introduced in this section, no series in-
ductor was added to the circuit (see Table 1, 0 H).

3.1.1.1 Copper contacts

As a representative result, Fig. 3 shows the voltage and
current versus time plots at a short circuit current value
of 6 A. Up to the time 0f 0.025 s, the contact was closed
and the voltage drop rises slightly because of the in-
crease of the contact resistance due to the dropping
contact force immediately before the contact separa-
tion (see Fig. 3, time period between 0 s and the verti-
cal indicator “Beginning of contact separation”).

At 0.025 s the contact starts to fail (see Fig. 3, “Begin-
ning of contact separation”). The voltage rises up to a
value of roughly 1 V. An electric arc can be detected
after 0.04 s (see Fig. 3, “Beginning of arcing”) which
is indicated by a contact voltage in between a range of
14V up to 18V, which represents the minimum arc
voltage and an extra voltage drop along the plasma
channel bridging the pair of contacts according to the
discussions in chapter 1.2. The voltage noise caused by



the electric arc causes a corresponding current noise
which cannot be compensated by the controller of the
power supply
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Fig. 3 Measurement result for copper electrodes at 6 A
short circuit current, and 600 V open loop voltage.

For further considerations, the voltage signal was post
processed via a standard Fast Fourier Transformation
algorithm (“FFT”, see Fig. 4). The FFT was applied for
the whole recording period of 0.4 s at once. As indi-
cated by the spectrum plot Fig. 4, the amplitudes of the
harmonics drop beginning with an initial value of 2.8 V
down to a value roughly three orders lower at a fre-
quency of 10 kHz (compared to the initial value). Con-
sidering any typical measurement resolution of 10 bit
(typical measurement resolution of an analogue to dig-
ital converter for medium performance signal proces-
sors or micro controllers), considering any spectrum
content exceeding 10 kHz is not reasonable any more
(with respect to future industrial applications of an arc
detection system). Therefore, the spectrum content ex-
ceeding 10 kHz was not considered for further spec-
trum analyzation. It has to be emphasized that the lim-
iting frequencies of the measurement equipment were
sufficient enough for resolving the spectrum up to
10 kHz.

Neglected for further investigations
ks

10°

~
1
1
1
I
I
[}
1
1
I

Amplitude /1 V

-8 L 1 L
10 10* 10° 108
Frequency / Hz

Fig. 4 Frequency spectrum of the voltage signal corre-
sponding to Fig. 3.

Performing an FTT for the total recording time of 0.4 s
is not an appropriate approach for any industrial arc de-
tection procedure. Effective protection systems should
provide a trigger delay less than 0.4 s. Hence it was as-
sumed that a typical signal measuring period could be
1 ms. As a consequence, the whole voltage signal of
Fig. 3 was scanned for every 1 ms interval subse-
quently (“subsequent FFT”).

Fig. 5 shows the plot of the spectrum (y- and z- coor-
dinate indicated by “Frequency / Hz” and “log(Ampli-
tude) / log(V)” up to a frequency of 10 kHz for the sub-
sequent 1 ms time intervals (x-coordinate). For the
considered specific data introduced in Fig. 3 and Fig.
4, the subsequent FFT yields a good correlation of the
spectrum content with the presence of any arc (indi-
cated by the voltage step according to the indication in
Fig. 3). After 0.04 ms the spectrum content rises sig-
nificantly (see Fig. 5, “Inception of noise”), which is
corresponding with the arc activity in the recordings
shown in Fig. 3.

For a direct correlation of the spectrum with the rec-
orded voltage and current signals in a time plot, an aux-
iliary value, the “(total) harmonic content” (HC) of the
spectrum (up to 10 kHz) was calculated according to
equation (3).

HC = A/ €V=2 uiZ (3)

Note that the DC component of the spectrum was not
considered in equation (3) (the summation starts with
the second element of the FFT result) in order not to
influence the result by the absolute level of the voltage
(assuming the noise of the arc should be considered
only). The HC values for subsequent 1 ms time inter-
vals are plotted time correlated to the recorded voltage
and current in Fig. 6. As indicated in Fig. 6, for this
specific single experiment the correlation of the HC
level with the appearance of an electric arc is excellent.
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Fig. 5 Frequency spectrum for subsequent 1 ms time
periods of the voltage signal corresponding to Fig. 3.

Taking a closer look to the voltage signal in the time
range in between the begin of the contact separation
and the begin of the electric arc (see Fig. 3 “Beginning
of contact separation” and “Beginning of arc”) an elec-
tric arc is indicated by the HC level in Fig. 6. However,
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the voltage drop of roughly 1 V is far below the mini-
mum arc voltage of an electric arc between copper
electrodes (see chapter 1.2). For a more detailed inves-
tigation of the processes in the contact gap, a high
speed film of the contact surface while separating the
contact was performed (see Fig. 7 and Fig. 8).
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Fig. 6 Correlation of subsequent 1 ms period spectrum
HC corresponding to Fig. 3.

An Analysis of the result of the filmed phenomenon in
the contact gap strongly indicates that the phenomenon
can be addressed as a glowing contact plasma dis-
charge (see the selected single frame in Fig. 7). It must
be emphasized that the roots of the discharge did not
originate at the narrowest gap of the geometry.

The phenomenon of a glowing contact has been de-
scribed as glowing contact phenomenon by [7] already.
Glowing contacts have been observed at contacts with
oxide layers at the electrodes surface only (see Fig. 7,
“Oxide layers”).

Analysing the corresponding high-speed film, a very
stable (stationary) discharge with respect to plasma dis-
placement / mobility was observed (see Fig. 8, film
strip at the left side).

/ /-..

Oxide layers -

Spherica"‘l contacts

Fig. 7 Single frame of the opening contact between
copper electrodes at 6 A current level.

While most of the plasma volume is almost stationary,
the cathode arc root shows a moderate mobility (see
film strip in Fig. 8, left side). Analysing the voltage sig-
nal across the contact (see Fig. 8, middle diagram, the
corresponding time points of the single plasma images

are indicated), an almost constant medium level super-
imposed by a small noise band was measured. This re-
sults in a very low amplitude level in the FFT spectrum
(see Fig. 9). Comparing the spectrum of the total signal
of the arc (see Fig. 5) with those of the glowing contact
(see Fig. 9), the amplitudes of the spectrum of the
glowing contacts are lower than that of the fully devel-
oped arc approximately by one order.
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Fig. 8 High speed film of an opening contact between
copper electrodes at 6 A current level; single frames
(left diagram, anode bottom plasma root, cathode top
plasma root) corresponding to the recorded voltage
(middle diagram) and current (right diagram), rising
time value from the bottom up to the top of the dia-
gram; time point of the exposure indicated by horizon-
tal lines.

In contradiction to glowing contacts, electric arcs show
higher mobility (see Fig. 10). The arc displaces contin-
uously or spontaneously respectively. In the period
with high arc mobility, the voltage signal shows corre-
sponding steps. (see Fig. 10, left side, “High arc mo-
bility™).

3.1.1.2 Aluminium contacts

For different contact material, very different the arc
structure and arc effects where observed. As an exam-
ple at aluminium electrodes the gross mobility of the
arc is low, however massive eruptions of electrode ma-
terial cause massive disturbances of the plasma region
which results in rapid displacements of parts of the arc
plasma volume (see Fig. 11, left side, film strip, time



interval between 3 ms and 20 ms, the arc plasma is in-
fluenced by heavy electrode material eruption). In case
of eruptions and deflected / displaced plasma a very
noisy voltage signal can be observed (see Fig. 11, rec-
orded voltage signal, time periods 3 ms to 20 ms and
40 ms to 50 ms). Comparing the FFT results yield from
copper contacts with that from aluminium contact re-
sults it is clearly indicated that aluminium shows a
higher noise activity compared to that of copper con-
tacts (see Fig. 12).
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Fig. 9 Spectrum of the voltage of the glowing contact
(corresponding to Fig. 7 and Fig. 8) and the electric arc
(corresponding to Fig. 3 and Fig. 5).
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Fig. 10 High speed film: electric arc between copper
electrodes at a current of 8 A.

3.1.2 High inductive circuit

The recorded voltage and current signals with a series
inductor of 4 mH (see Table 1) are shown in Fig. 13.
The transition speed of the current (affected by the in-
ternal but unknown control algorithm of the DC power

supply) in case of a voltage fluctuation is limited in
case of a series inductor. An attenuated oscillation of
the current can be detected in case of any rapid voltage
change (see voltage step at the time point of the failing
contact). Such an oscillation was not detected for ex-
periments without a series inductor (compare the cur-
rent signal at the moment of the arc formation voltage
rise in Fig. 3 and Fig. 13).
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Fig. 11 High speed film: electric arc between alumin-
ium electrodes at a current of 8 A.
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Fig. 12 Comparison of the spectrum measured at cop-

per (glowing contact: corresponding to Fig. 7 and Fig.

8; electric arc corresponding to Fig. 10) and aluminium

(corresponding to Fig. 11) contacts.

It is obvious that such specific oscillations, caused by
the series inductor and the interaction with the power
supply, influence the spectrum response of such a cir-
cuit: In case of the specific DC power supply applied
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for this specific experiments extra harmonics had been
observed in the frequency range between 400 Hz and
7 kHz (see Fig. 14, compare the signal generated with
an inductor of 4 mH “Inductor 4 mH) and no inductor
“Inductor 0 mH”).

10 . . ; . v . ' 40

Oscillation caused by DC supply control

Current / A

0 ’_—J”‘ : : § : 0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time /s
Fig. 13 Voltage and current recording at copper con-
tacts with a series inductor of 4 mH according to Fig.

2 (“4 mH”) at a current of 7 A.
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Fig. 14 Comparison of the spectrum response with a
series inductor of 4 mH (corresponding to Fig. 12) and
no series inductor (corresponding to Fig. 3).

4 Post processing / arc detection

For further and automated post processing of the sub-
sequent 1 ms interval spectra (HC) in the current range
between 1 A and 10 A (according to Table 1) the deci-
mal logarithm of the HC and voltage level were split
into  decimal logarithmic  classes  between
—4log(V)and 2log(V) with a resolution of
0.01 log(V). The logarithmic scaling was selected to
yield a better visualization of the signals. For all rec-
orded signals and all subsequent 1 ms intervals it was
counted how frequent the HC and voltage level oc-
curred in one specific interval of the classification. A
similar approach is well known and very common for
the visualization of partial discharge measurement re-
sults in high voltage systems.

All I ms intervals with a current value lower than 0.5 A
had been neglected for the counting of the HC classes:
it is assumed that a lower current value cannot cause
any dangerous power loss at a failing contact. The
counts are plotted in a count pattern plot (see Fig. 15).

Analysing the result in Fig. 15, the correlation between
the counts and voltage levels exceeding the value of
1 V is very strong: If the voltage at the contact exceeds
1V, the counts increase significantly up to a level of
1072 log(V), hence an arbitrary trigger level of HC =
1072 log(V) was introduced.

By introducing this arbitrary trigger level (indicated in
Fig. 15 “Noise trigger level for arc detection”), it can
be concluded that only a few counts will be found
above the trigger level and a voltage below a level of
1 V. Such counts are wrong indications of a failing con-
tact. Since these wrong indications are the minority of
the counts, it can be concluded that the failing contact
can be detected with a good reliability.

Identification of high noise for
30 contact voltage levels exceeding 1V,

20 Wrong counts

Counts /1

Noise trigger level

15 Identification of high naise for
for arc detection

.
contact valtage levels below 1V il

log(HC) / log(V)

log(Voltage) / log(V)

Fig. 15 Counts versus the HC and voltage classes for
all experiments with copper and no series inductor ac-
cording to Table 1.

Classification Voltage level / V Current level / A HC level / V
Correct >1 >0.5 >102
Wrong, no cur- >1 <05 >10?

rent

Wrong with arc >1 >0.5 <102
Wrong no arc <1 - >102

Table 2 Applied classifications for all 1 ms observa-
tion intervals of all performed experiments according
to Table 1.

Based on these considerations, the correct number of
arc detections had been counted for all experiments
(covering all inductor, material, and current configura-
tions according to Table 1). For all these parameter var-
iations, the 1 ms observation intervals were assigned to
the classification listed in Table 2. By these specific
classifications, it is possible to calculate the hit rate of
the correct detection of a failing contact. In Table 3, the
results of all counts for all classifications (correct hits
and incorrect hits according to Table 2) are listed.

The results indicate a good hit rate for copper and alu-
minium. The detection performance for brass is mod-
erate, while the rate for steel is extremely poor. This is
correlating to the very stable arcing phenomena ob-
served for those materials (not documented in this pa-
per, but observed by analysing the corresponding film
material). Whereas at these two bad performing mate-
rials (brass and steel), the wrong counts without the
presence of an arc are moderate low the number of not



detected arcs is contributing mainly to the bad detec-
tion performance. These results are clearly indicating a
strong material influence of the contact material onto
the performance of arc detection systems based on FFT
approaches.

Wrong Correct
Inductor Level Total counts with arc no arc no current Correct Hits
Copper  No 100 23541 0 545 309 22687 96%
Yes 100 11970 3 332 41 11594 97%
Total 100 35511 3 877 350 34281 97%
Aluminum No 100 23541 233 359 214 22735 97%
Yes 100 11970 39 223 21 11687 98%
Total 100 35511 272 582 235 34422 97%
Brass No 100 23541 399 511 126 22505 96%
Yes 100 11970 1225 221 54 10470 87%
Total 100 35511 1624 732 180 32975 93%
Steel No 100 23541 3666 365 75 19435 83%
Yes 100 11970 3574 181 88 8127 68%
Total 100 35511 7240 546 163 27562 78%

Table 3 Correct and wrong detections within the sub-
sequent 1 ms observation intervals for all experiments
(parameter variations listed in Table 1).

5 Discussion and conclusions

5.1 Plasma phenomena
5.1.1 Glowing contacts

The glowing contacts observed at some specific exper-
iments are in accordance with the observations re-
ported in [7]. Based on the view number of observa-
tions of the glowing contacts covered by the experi-
ments of this paper, there is an indication if the copper
oxide layers are required to enable such a phenomenon.
This is in agreement with the observations from the
high-speed films: Only in the presence of oxide layers
glowing contacts were observed, brand new contacts
never show such a phenomenon. From the high-speed
films, a spontaneous (but moderate) moving cathode
spot can be observed. This could indicate that this phe-
nomenon requires the presence of oxide layers: if the
arc root is located in the vicinity of an oxide layer, the
electron work function is decreased and the plasma dis-
charge can be sustained at a low total voltage drop
across the contact (below the minimum arc voltage).
This would also mean, that the oxide layer is responsi-
ble for the low cathode drop. Because of the high cur-
rent (power) density the oxide layer must be evapo-
rated, and the cathode plasma root has to be displaced
in order to find a new centre for electron emissions.
Such an effect could explain the origin of cathode
plasma root displacement of Fig. 8.

5.1.2 Electric arc

The high-speed films, combined with the voltage and
current plots clearly indicate that any disturbance of the
plasmas (thermal) equilibrium causes noise in the volt-
age and the current across the electric contact.

This disturbance may be caused by contact material
eruption or arc root displacement. Hence, there is a di-
rect correlation of any signal noise with the contact ma-
terial as assumed in chapter 1.2).

5.2 Influence of the electric circuit to the
signal noise

As expected, and indicated by the measurement results
the electric circuit affects the spectrum of the voltage
and current signal. As a consequence, any failing con-
tact detection approach must be designed in a very ro-
bust way, considering all possible and realistic circuits.
This seems to be a challenging drawback of failing
contact detection systems based on spectrum analyses,
all possible network configurations and sensor posi-
tions have to be considered.

5.3 Fault detection

The post processing of the signals by means of subse-
quent processing of the harmonics content of 1 ms ob-
servations intervals leads to a good detection perfor-
mance for copper and aluminium and poor to low per-
formance for brass and steel contacts. The performance
could perhaps be improved by more sophisticated ap-
proaches. One approach could be to consider more than
one subsequent HC level. If more than one of these sin-
gle levels are not indicating a failing contact the pro-
tection switch should not be triggered.
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Abstract

As part of this work, we seek to study more precisely the formation of an arc and its behaviour at the opening of
a circuit in conditions close to those of avionics (altitude, atmosphere, etc.). Our work is carried out on an HVDC
270VDC type electrical network at various pressures. The phenomenon is observed by a PHOTRON FASTCAM
SAS model 775K-M3 camera at a rate between 20000 and 100000 frames per second. Our observations show a
repetitive behaviour in electrical measurements (current and arc voltage) depending on the experimental condi-
tions. In this paper, we propose an analysis of the noise oscillation phenomenon present in an arc of moderate
intensity (<20A) through a fast camera study and then a diagnostic method of the phenomenon observed by

camera only from the measurement of line current.

1 Introduction

Protection against arc-type electrical faults is essen-
tial in electrical distribution networks for avionics.
False contact, aging, wear, vibration, corrosion, oxida-
tion are all reasons that can get a power supply har-
ness to an arc fault. Indeed, this type of fault can
cause major damage: fire, arc-tracking, destruction of
cables or equipment, explosion, loss of aircraft control
and crash [1-3]. In the context of this work, we seek
to study more precisely the formation of an arc and its
behaviour at the opening of a circuit under experi-
mental conditions close to those encounted in an air-
plane (pressure temperature variations). The detection
of a fault based on an electrical signature specific to
the arc is delicate. However, the electrical measure-
ments (U/I) of a faulty network often show fluctua-
tions both in its mean impedance value and in the
noise level (especially outside the established regime).
It is by this means that many studies on electrical fault
protection exploit these stochastic phenomena (RMS
value, variance, filtering, wavelet, etc.) [4-9]. For
electrical protection, we propose a study of the phe-
nomenon of impedance oscillation, which is percepti-
ble in many publications [10], [11] but less exploited.
In the case of arc furnaces, the main problem lies in
the regulation of the reactive power initiated by a
flicker phenomenon [12-14] perceptible in the labora-
tory in discharge lamps. In this paper, we propose an
analysis of the noise oscillation phenomenon present
in an arc of moderate intensity (<20A) through a fast
camera study (part 3). Then a diagnostic method of
the phenomenon is observed by camera only from the

measurement of the line current (part 4). The electri-
cal noise oscillations is used to develop methods of
protection against electrical faults.

2 Experimental test bench and
data analysis

Our work is focused on the study of the behaviour of
arcs on a 270VDC HVDC type electrical network at
pressures ranging from ambient pressure to 120hPa
corresponding to a variation in altitude from sea level
to 15'000 meters. Figure 1 illustrates our experimental
device which is composed of a continuous power
supply (CHROMA 62000H series and/or ETsystem
4kW), a resistive load (LANGLOIS 4kW). The arc
fault is created by the separation of the contact be-
tween two copper electrodes.
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Fig.2 Evolution of the arc voltage and the dis-
charge

The measurement of the electrical signals is collected
by an HDO6104 oscilloscope at a rate of IMHz using
a Lecroy CP030a probe (Accuracy: + 1%, max band-
width: 70MHz at 1mA/div, 100kHz at 1A/div) for the
line current and a differential probe TESTEC
TTSI9010 1:100 with a bandwidth of 70MHZ (Accu-
racy: = 2%, Voltage Rating VAC:7000V) for the po-
tential difference between the electrodes during an
arc.

The arc is observed by a PHOTRON FASTCAM SAS5
model 775K-M3 camera at an acquisition rate be-
tween 20'000 and 100'000 frames per second (fps).
The triggering of the camera is controlled by the trig-
ger of the oscilloscope according to a threshold de-
pending on the voltage contact during the arcing pro-
cess (higher than 10V). Using Matlab, the images
acquired by the camera are synchronized with the
oscilloscope signals. The synchronization of the im-
ages is checked by the concordance between the opti-
cal and electrical events (arc start, extinction, disturb-
ances).

P W |

‘S.SA 270Vdc P=200hPa

2.1 Analysis of the luminosity of the
discharge

The evolution of the anode luminescence is quantified
by the average sum of the luminosity amplitudes
measured by the fast camera between the 2 electrodes.
This measurement takes into account the whole dis-
charge (arc foot on the cathode, luminescent column
of the arc and anode zone).

We estimate its average value by calculating the
following value:

N
Feb

| - (1)
e
K=o AL

I-y——
2

With: A is the intensity of the pixel, y the vertical
position of the discharge, Window height (N=30 pix-
els).

The window width is fixed experimentally to 200
pixels for testing the feasibility of the method.
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2.2 Analysis of the electrical luminosity
of the discharge

The evolution of the electrical noise of the arc (volt-
age or current) is evaluated by the analysis of sliding
variance using the equation :

VARG fgm(z‘)—ﬁm)z 2)

s T=(k—1) W,

Xn= Voltage (or line current) signal, k = Analysis
window number, N = Number of points in the ana-
lyzed window, nme= Shifting between 2 successive
analysis windows

3 Observations

3.1 Analysis of video and electrical signals

The arc fault is produced under the following circuit
conditions: Valim 270VDC, low pressure p =
500hPa, load RL=48Q 105pH. Under these experi-
mental conditions, the arc produces a repetitive varia-
tion of the noise amplitude (visible on the arc voltage
Figure 2 A). Part of this ripple is visualized using the
high-speed camera to understand the phenomenon.
The trace in Figure 2 B represents the correspondence
between the electrical measurements and the video

observation.

The measurements show that for the time reference
point '0', the amplitude of the Varc noise is about
1.5V peak-to-peak with an average voltage of 18.85V.
At benchmark 'l' the average gap field increased by
about 0.4V. From this moment, a zone of strong lu-
minescence extends from the anode to the cathode.
This zone never seems to touch the cathode. However
at image '10', the luminescent zone of the anode re-
turns to its initial state in 1 to 2 ms. The gap voltage
reaches the value of 18.9V. This development cycle
of the anode zone is then repeated several times.

It can be seen that during the growth of the anodic
luminescent zone, the arc foot is very mobile on the
cathode. These movements may be the cause of the
increase in noise on the electrical signal. On the other
hand, the increase in average resistance suggests that
the anode zone change in length the flow of electrons.
A comprehensive study is required to conclude.

3.2 Gap brightness evolution measure-
ment

The study of the brightness of the gap according to
equation (1) makes it possible to estimate the tem-

poral evolution of the phenomenon. This evolution is
showed on Figure 3 (Rlumi versus time), which
shows a periodic increase in light intensity. This in-
creasing ramp is completed by a sudden decrease
(about Ims) before renewing a relatively linear
growth.
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Fig.3 Measurement of brightness and electrical
levels of the discharge

4 Electrical diagnosis.
4.1 Pressure influence

The study of the influence of pressure from similar
experiments (gap between 0.8mm and 1mm, equiva-
lent electrode geometry, 270VDC, initial load 48Q,
etc.) is represented by the spectrograms of Figs 4 to
6.
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Fig.4 Spectrogram fluctuations — P = 800hPa

The spectrograms represent the spectral components
that make up the signal by sliding FFT. It can be seen
from these measurements that in the first few mo-
ments after the arc is established the flicker rate is
approximately 125 Hz at 800 hPa, 70 Hz at 500 hPa
and 50 Hz at 200 hPa.
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These results show that:

- the behaviour of the arc is strongly linked to pres-
sure condition

- the fluctuations rate increase with pressure.

4.2 Signal fluctuations at atmospheric
pressure

The observation of noise fluctuations in the measured
electrical signals is mainly observed when the pres-
sure falls and is difficult to observe at atmospheric
pressure.

pheric pressure should have a rate higher than 125Hz
(800hPa).
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Fig. 8 Arc noise spectrogram — P atm

However, by our observations it was not possible to
detect a fluctuation at Imm (reference A=Ilmm -
Figure 7). This noise oscillation is however percepti-
ble (increasing) when the gap increases (gap of about
7.5mm B, C mark Figure 7). The spectrogram (Figure
8) then shows an oscillation rate close to 150Hz for a
spacing of 7.5mm under ambient atmospheric pres-
sure.

5 Conclusion

In this work, we observed the evolution of the electri-
cal characteristics of a serial arc when the pressure of
the surrounding environment decreases. Fast camera
permits us to observe a phenomenon of arc flicker,
associated with arc presence. That phenomenon oc-
curs repeatedly and can also be pointed out in electri-
cal current measurements. Our measurements put also
in evidence that these fluctuations are highly depend-
ent on the pressure. Future works will be devoted to
fast camera measurements and more generally optical
characterization, in order to develop a reliable arc
fault detector based both on electrical and physical
measurements.
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Fig. 7 Line current on a resistive load (48 ohms)

According to the observations carried out in depres-
sion (from 200 to 800hPa), the fluctuations at atmos-

This bi-disciplinary study should allow us to set off a
detector operating under severe conditions (pressure,
temperature, vibrations, etc).
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Abstract

Fundamental understanding and quantitative characterization of electron transport mechanisms between two sol-
ids brought into mechanical contact require the development of a dedicated multifunctional device. In this arti-
cle, we report original measurements and analyses based on a nanoindenter coupled with fine electrical meas-
urements in-situ a Scanning Electron Microscope (SEM). After a description of the experimental set-up, we re-
port quantitative results on resistive-nanoindentation performed on metallic systems with increasing complexity.
Starting from a model case (Au single crystal, a noble metal), a procedure is developed, numerically modelled
and further applied to a complex rheology structure (200 nm Au thin film plastically deformed against an elastic
substrate) to demonstrate the quantitative monitoring of contact area. Then a two-phase AgPdCu alloy is used to
illustrate the benefit of local characterisation performed under SEM imaging. The effect of interfacial layer
(probably a native oxide film) on the electrical response is discussed. Finally, we present local impedance spec-
troscopy characterisation of a 10nm-thick alumina layer on aluminium substrate. The conductance through alu-

mina during mechanical compression is discussed in terms of electrochemical processes.

1 Introduction

The understanding and the quantitative analysis of the
electro-mechanical processes involved at the interface
between two solids are of crucial interest for both ac-
ademic and applied purposes [1,2]: electric connectors
for electrotechnics and automotive applications, in-
termittent contacts in mechanical switches (at both
macro- and micro-scales), microelectronics,... The de-
velopment of scanning probe microscopy (SPM) trig-
gered the experimental study of these phenomena at
small-scale [3,4,5], but only the coupling of electrical
measurements with instrumented indentation (inde-
pendent load and displacement measurements) pro-
vided the precise control and monitoring of both con-
tact mechanics and electrical conduction [6]. Initiated
by the monitoring of phase transformation under pres-
sure [7,8,9], resistive-indentation has then been ex-
tended to the study of other phenomena: native oxide
fracture [10,11,12,13], MEMS operation at small
scales [14,15] and contact area computation during
nanoindentation tests [16,17]. In the past decades,
numerous efforts have been made to further expand
the capabilities of nanoindentation [6], such as real-

time imaging [18,19], coupling with multifunctional
characterisation tools [20,21] and high temperature
measurements [22].

The present article reports the development and the
application of a home-made multifunctional charac-
terisation device based on a commercial nanoindenta-
tion head. This device combines mechanical and elec-
trical characterisations, and can be integrated in-situ
in a Scanning Electron Microscope (SEM). Quantita-
tive electrical characterisations cover resistive and ca-
pacitive measurements (focus is made on resistive
measurements in this paper). In-situ SEM integration
allows precise positioning of local nanoindentation
tests (with a precision better than 100nm) as well as
the positioning of electrically-coupled nanoindenta-
tion maps. The electrochemical reactions occurring at
oxidised surfaces are also explored by impedance
spectroscopy.

2 Experimental details

The experimental set-up combines different commer-
cial instruments, with customized adapter systems.
Fig. | presents the Infra-Red view of the set-up once
integrated within the SEM chamber.
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The nanoindentation head is a commercial actuator
(InForce 50 actuator from Nanomechanics Inc / KLA-
Tencor), displaying a maximum load of 50mN and a
static load resolution below 0.1 uN. This force-
controlled actuator enables continuous stiffness meas-
urement (CSM) through locked-in detection of dis-
placements induced by oscillatory loads superimposed
to the main load signal. This CSM mode gives access
to the continuous extraction of both hardness and
elastic modulus during indentation [23]. A fast map-
ping technique is also available, allowing high-speed
nanoindentation tests (~1 indent per second). The in-
dentation tip is fixed on a 1.5 cm-long extension. All
the experiments presented in this paper have been per-
formed with boron-doped diamond (BDD) tips with
resistivity in the range of [0.2-2] Q.cm (with either
Berkovich, cube-corner or flat-punch shapes). Electri-
cal contacts to the tip are made with thin copper wires
connected to fixed sockets. Actuator and sample dis-
placements are performed with linear positioners from
SmarAct GmbH. Typical travel ranges are at the cm-
scale with a ~1 nm resolution. An overall frame stiff-
ness larger than 10° N/m has been extracted, thus val-
idating the overall mechanical behavior.

Fig. 1. Infra-Red view of the set-up once integrated
within the SEM. (1 = Nanoindenter head, 2 = Extend-
er + tip, 3 = Specimen, 4 = SEM column)

Fig. 2. Illustrations of the set-up performances. Gold
crystallites after three individual indents (without tilt-
correction).

The SEM apparatus used was a Field Emission Gun
(FEG) GEMINI SEM 500 from Zeiss [24]. The ar-
rangement of the analytical tools within the SEM
chamber has been optimized to improve the observa-

tion angle during indentations. In standard conditions,
the specimen surface was scanned under a 60° tilt an-
gle, that was software-corrected during experiments.
The SEM-integration allows positioning of indents
with a precision better than 100nm. As an illustration,
Fig. 2 presents a 0.75pum-large gold island (obtained
by dewetting of a gold film on sapphire substrate) af-
ter a ‘smiley pattern’ obtained with three indents.
Resistance measurements were conducted with a
ResiScope apparatus from CSI/Scientec. Originally
developed for conductive-atomic force microscopy
[25], this device is optimised for real-time and self-
compliant resistance measurements. It ranges from
100 Q to 1 TQ, with acquisition rates up to 1kHz. Im-
pedance spectroscopy measurements were also per-
formed for the characterisation of thin oxide layers: an
LCR-meter (Agilent 4980) was used, with a sensitivi-
ty better than 1nS for admittance measures at 2MHz.

3 Resistive-nanoindentation of
metals

The electrical resistance which is measured during a
resistive-nanoindentation test is the sum of several
resistances in series (Fig. 3-a): the tip resistance, the
interface resistance (oxide, capping layer,...) and the
sample resistance. In the case of metallic samples, the
latter resistance is negligible. In standard resistive-
nanoindentation experiments, the overall resistance
tends to decrease as the tip penetrates the sample
(Fig. 3-b). This trend is driven by the combination of
several mechanisms: (1) as the tip penetrates the sam-
ple, the tip-to-sample contact area increases, thus de-
creasing the overall contact resistance, (2) the interfa-
cial layer (usually insulating) tends to crack, thus al-
lowing direct local tip-to-metal contacts and (3) the
spreading resistance through the tip tends to decrease.

3.1 Resistive-nanoindentation on pure
metals: effect of a native oxide

The behaviours of three pure metals have been com-
pared: a noble metal (Au) and two natively-oxidised
metals (Al and Cu). The two latter were covered with
their native-oxide layers characterised by different
conduction mechanisms: alumina displays ionic con-
duction only, while copper oxides display both elec-
tronic and ionic conduction. All samples were (111)-
oriented bulk single crystals.

A set of resistive-nanoindentation experiments (Re-
sistance-Depth curves) performed with a Berkovich
tip under different biases (from 0.5 to 10V) is shown
in Fig. 3-b,c,d. On Au, all curves are clearly superim-
posed, suggesting an ideal ohmic contact (which is
confirmed by current-voltage characteristics, not
shown here). This behaviour will be quantitatively
analysed in Part 3.2. On the contrary, the two oxidised



metals display drastically different behaviours: much
larger resistances are measured (up to 6 orders of
magnitude larger with aluminum) and highly-non-
linear behaviour is observed. The lower dispersion
observed on copper (compared to aluminum) is a sig-
nature of the electronic conductivity in copper-oxides,
while oxido-reduction reactions are supposed to be
the cause of the highly-dispersed data on aluminum
(discussed in Part 3.4).
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Fig. 3. Resistive-nanoindentation illustrations. (a)
Schematic of the resistance contributions. Set of resis-
tive-nanoindentation tests on Au (b), Cu (c¢) and
Al (d).

3.2  Resistive-nanoindentation on noble
metals

3.2.1 Experiments
In the case of noble metals, the absence of interfacial
layer leads to measure the tip resistance only
(Fig. 4-a). Under this condition, the measured re-
sistance can be simply given by (1) (for more details,
see [26]):

Rmeasured =4+ B/(hc+h0) (1)
A and B are two constants that depend only on the ex-
perimental set-up (tip geometry and resistivity, series
resistance,...) but not on the specimen (4 and B have
to be determined experimentally during the calibration
step, see below). A, is the length of the tip defect (una-
voidable rounded apex of the tip). Even though ex-
pression (1) relies on strong approximations (self-
similar shape of the tip, homogeneous distribution of
current lines through the contact,...), it is verified ex-
perimentally (Fig. 4). In order to validate this ap-
proach, a finite element (FE) modelling of this exper-
iment was carried out.
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Fig. 4. Linear fitting of resistive-nanoindentation
data according to Equation 1.

3.2.2 Finite-Element Modelling

FE modelling was performed in 2D axisymmetric
(Fig. 5-a). The commercial FE software
ABAQUS"/Standard was used. The indenter was a
Berkovich tip defined as an elastic body and built
from an experimental area function (fused silica refer-
ence sample using Oliver and Pharr method). The
sample (Au) was defined as an elasto-plastic cylinder
with a 10pm radius and height. The mechanical be-
havior of Au was modeled by a Hooke's law for the
elastic part (E = 77.2GPa ; v = 0.42) and by a Hollo-
mon power law for the plastic part which has the fol-
lowing form:

— n
Oplastic = Keplastic (2)

where K and n are constants which were used as fit-
ting parameters in order to reproduce the experimental
Load-Depth curves (see Tab. 1).

Concerning the electrical coupling, the electrical con-
duction in the tip and in the sample was modeled us-
ing a pure ohmic law with an electrical conductivity
extracted from previous works [27].

The two parts were meshed with axisymmetric de-
formation element CAX3T. Frictionless mechanical
contact was defined by default. During loading, a dis-
placement of 1um along the vertical direction z was
applied to the top surface of the tip. For the electrical
boundary conditions, a 10V bias was applied between
the top surface of the tip (0V) and the bottom surface
of the sample (10V). Post treatment using a Python
subroutine made it possible to extract load, penetra-
tion depth, contact depth, contact area and electrical
resistance.

Without any advanced fitting process, the FE-
modelled Resistance-Depth curves show remarkable
match with the experimental data (Fig. 5-b). And the
linear dependence of resistance with the reciprocal of
the contact depth (Equation 1) is numerically con-
firmed (Fig. 5-c). This is explained by the homothetic
distribution of current lines through the contact inter-
face at the periphery of the contact [26].
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Tab. 1. Parameters of the Hollomon law describing
the plastic behaviour of bulk gold, fitted to the exper-
imental data.

Parameter ay K n

Value 100 MPa 230MPa 0.1

3.2.3 Application to the real-time monitor-
ing of contact area

The real-time monitoring of resistance during
nanoindentation is of particular interest for the quanti-
tative analysis of nanoindentation tests. Indeed, the
simultaneous computation of sample Young’s modu-
lus and hardness relies on a precise knowledge of the
contact area 4.. However even for the simplest cases
of homogeneous semi-infinite specimens, the determi-
nation of A4, is strongly affected by pile-up or sink-in
phenomena that occur at the contact periphery (Fig. 6).
The actual contact area may then be misinterpreted by
20-30%. The standard methods widely used to extract
contact area require analytical models based on mate-
rial rheology assumptions [28,29]. On the contrary, the
direct monitoring of contact area by resistive-
nanoindentation should bring supplementary inputs for
the quantitative analysis of indentation tests. Some at-
tempts to combine micro- or nano-indentation to resis-
tive measurements to quantitatively analyse the inden-
tation process have been reported [16,17] but the mon-
itoring of contact area was not processed.

Pile-up Sink-in

Fig. 6. Effect of material rheology on contact area and
contact depth. The penetration depth / is the depth
reached by the tip from the initial specimen surface,
while the contact depth 4, describes the contact height
of the tip with the specimen.

One of the bottleneck steps for the quantitative analy-
sis of resistive-nanoindentation tests is the appropriate
analytical description of the electrical measurement
chain.

This description being established, the experimental
extraction of the contact area can be processed through
a 3-step procedure:

e Step 1: The tip geometry is determined from direct
AFM characterisation. This step generates the tip
“shape function” that relates the projected contact
area to the contact depth #..

e Step 2: An electrical calibration is carried out (on a
gold bulk single crystal for instance), aiming at the
determination of the 4 and B constants (see (1)). As
A and B depend only on the experimental set-up, a
one-to-one analytical correspondence is then estab-
lished between the electrical resistance and the con-
tact depth (independently of the specimen).

o Step 3: The contact area monitoring of any oxide-
free specimen can then be performed. Using the tip
shape function (step 1), the contact area is finally de-
termined from the contact depth values (step 2) for
this specimen to be characterized.



This procedure has been applied and validated on a
200 nm-thick polycrystalline gold film deposited on a
sapphire substrate. Such a composite geometry is a
model case of complex rheology which is depth-
dependent and where no analytical model exists. To do
so, resistive-nanoindentation tests with various final
penetration depths have been performed. For each test,
post-mortem AFM measurements have been conduct-
ed to compare the contact area to the one monitored by
our procedure. Fig. 7 shows an excellent agreement
between our predictions and the effective areas. For
comparison, the contact area computed from the
standard Oliver-Pharr method [28] (based on sink-in
assumption) is also reported showing a ~50% discrep-
ancy. Such a precise monitoring of the tip-to-sample
contact area has been reported for the first time in lit-
erature in [26].
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Fig. 7. Contact area against penetration depth on the
Au thin film. Comparison of the computed data (open
markers) with the corresponding post-mortem AFM
measurements (solid markers). Predicted contact area
from Oliver and Pharr model in dotted line.

3.3 Resistive-nanoindentation of multi-
phased alloys

As already mentioned, the integration of this resistive-
nanoindentation set-up within the SEM allows precise
positioning of the spot to analyze as well as the elec-
tro-mechanical mapping of a specimen surface. These
two advantages are illustrated through the study of an
AgPdCu alloy designed to combine high conductivity
and large yield strength. Fig. 8 presents an SEM view
of the sample after a local indent performed on the Ag-
rich phase (lightest contrast in the SEM image). The
darkest domain is constituted of Cu-rich phases.

Fig. 9 (a)-(b) collect the resistance and hardness meas-
urements obtained over 28 indents on the two do-
mains. These electrical and mechanical data clearly
discriminate the Ag- and Cu-rich phases. The Cu-rich
domain appears as more conductive than the Ag-rich

one, but it also appears as harder. The higher resistance
of the Ag-rich domain can be attributed either to a
larger intrinsic resistivity, to a more resistive native-

oxide or to different material rheologies.

Fig. 8. SEM view of an indent left after local testing
of the Ag-rich phase. The white triangle at the bottom

of the image is the indenter tip.
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Fig. 9. Electrical and mechanical data from 28 indents
performed in both Ag- and Cu-rich phases. (a) Re-
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depth. Hardness data were extracted from Oliver-
Pharr model [26].
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The plotting of resistance against //(h.+h,) (according
to Equation 1) is shown in Fig. 10. It clearly discrimi-
nates the ideal indents (linear dependence) from those
affected by an interfacial layer (non-linear depend-
ence), most-likely an oxide layer. This behaviour sup-
ports the need for a deeper analysis of oxide-covered
metals.

34 Resistive-nanoindentation of oxide-
covered metals

In the case of oxidised metals, the electrical resistance
is essentially controlled by the conduction mecha-
nisms through the oxide layer. A set of experiments
have been performed on a 10nm thick alumina film
deposited by Atomic Layer Deposition onto an alumi-
num substrate.
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Fig. 11. Characterisation of a 10nm-thick alumina
film (under mineral oil). (a) Timeline of the test pro-
tocol. (b) Evolution of the dynamic conductance dur-
ing test. (c) Current-Voltage characteristics during
alumina recovery.

For these experiments, compression tests were per-
formed with a Sum large flat-punch tip. The tip was
set into contact with the alumina surface with a low
load (100 pN, leading to an applied stress close to
5MPa). Once the contact set, impedance-

spectroscopy measurements were performed with an
LCR-meter. The experiment timeline was the follow-
ing (Fig. 11-a): a large voltage scan (referred as “Re-
duction step”) was first applied in order to reduce lo-
cally the alumina film, then dynamic conductance and
capacitance were monitored continuously under 0 V,
while small voltage scans were performed every
5 min to monitor the alumina recovery (voltage scans
1 to 4). After the “Reduction step”, the conductance is
seen to increase drastically (Fig. 11-b).
Alumina is a pure ionic conductor exhibiting a
Schottky (and/or Frenkel) disorder, according to:

2AL% + 308 - AL 05 + 2V, + 3Vg°
When a DC current passes through the layer, elec-
trode reactions take place at both alumina interfaces.
At the diamond tip side, a possible cathodic reaction
could be the reduction of oxygen. In order to check
this hypothesis, the experiments were performed ei-
ther at room atmosphere or with the alumina surface
immersed into a mineral oil drop (thus preventing any
interaction with atmospheric oxygen). Similar results
were obtained in both conditions, thus showing that
this reaction can be put aside. Consequently, this
“Reduction step” is attributed to the reduction of oxy-
gen vacancies according to the following reaction
(formation of F-centres):

Vge+e - V§

Considering the Gibbs energy of formation of alumina
(circa -1000 kJ/mol), the cathodic voltage to be ap-
plied for electron injection into alumina is higher than
-2.5 V/O,. The difference to the large voltage applied
at the “Reduction step” (8-10 V) is due to the Ohmic
voltage drop through the highly insulating alumina
layer.
After the “Reduction step”, the alumina layer be-
comes an electronic conductor, and its conductance
remains high for more than 15 min (up to 1h for some
tests). The four current-voltage scans (Fig. 1l-c)
clearly confirm the decrease of DC-conductance, and
the final recovery of alumina insulation (scan 4).
It is to be noted that the electric field applied to the
alumina layer at the “Reduction step” (8-10 MV/cm)
is comparable to the breakdown electric field of alu-
mina films. However in the present case, the change-
over in conduction state (from insulator to conductor)
is reversible. This reversibility has already been re-
ported for instance in alumina nanocapacitors [30].
The control of the oxide layer conductivity will be
further explored by complementary experiments: dop-
ing of alumina (with a mixed-conductive oxide like
copper oxide), exploration of negative biases, kinetics
of recovery in open-circuit conditions,...

Radial stress
(10 MPa)

alumi-

modelling of an
na/aluminum stack under resistive-nanoindentation.



Numerical simulations are in progress in order to de-
scribe the mechanical and electrical behaviour of this
alumina layer under mechanical stress. Fig. 12 reports
exploratory results, where high radial tensile stresses
are identified at the tip apex and periphery (see in-
serts).

4 Conclusion

An experimental set-up dedicated to the coupling of
local electrical and mechanical characterisations is
presented. This set-up combines a nanoindentation
head to fine electrical measurements in-situ in a scan-
ning electron microscope. The ability of the set-up to
characterise the contact with oxide-free or oxidized
metals is shown. First the ability to monitor quantita-
tively the contact area all along a nanoindentation test
is demonstrated. Then a two-phase metallic system is
characterized through individual local indents. Finally
the electrical behaviour of an oxide layer is analysed
and described on the basis of electrochemical pro-
cesses. Numerical modelling of the experiments is
used to support the understanding of the overall sys-
tem behaviour.
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Abstract

It has been known from Slepian since 1928 that the recovery of AC arcs burning between simple contacts
without additional quenching aids depends on the formation of a thin space charge sheath in front of the new
cathode after polarity change. Already in the 1950s/1960s it has been found that arcs of sub-millimeter length
behave superior in comparison with longer gap distances. In his 1968 thesis Schmelzle in addition to systematic
experiments treated this phenomenon theoretically, and found that there exists an immediate recovery voltage
after polarity reversal, followed by a further increase due to flattening of the temperature gradient between the
cooler cathodic contact and the still hot column. Based on this theory, new simulations were now carried out
using the COMSOL® Multiphysics program. Additionally to arcs in the contact center, arcs on contact edges
were considered. This theoretical work was accompanied by switching experiments. In both ways it is shown
that the shorter the gap length the faster the withstand voltage increases. This is due to the better column cooling
by the closer counter-electrode. Arc roots on edges are characterized by a slower growth of the sheath thickness
around the edge, leading to a deteriorated quenching behavior. The application of this interruption principle lies in
AC arcs in currents between a few Amperes and a few hundred Amperes, such as smaller contactors, or auxiliary
switches.

1 Problem, Objectives

profile between the relatively cold cathode at
current zero (500 K - 1800 K) and the hot column.
According to [7] this is = 5000 K, rather
independent of the previous AC current. Starting
with a sharp temperature step, the transition
becomes smoother with time by heat conduction.
The degree of ionization x; is strictly coupled to the
local temperature, see Fig. 1.

It has been known since Slepian in 1928 that AC
arcs after polarity reversal exhibit an immediate
withstand voltage of a few hundred Volts, and that a
growing space charge sheath in front of the new
cathode is responsible [1, 2]. Shortly later this was
confirmed by probe measurements [3]. Already in
the 1950/1960s it was found that arcs of sub-

millimeter length perform better in this respect in 20
comparison with arcs of several millimeters to T I I
centimeters [4-6]. The better cooling of the arc 'J
column toward the colder contacts was thought to L am— - ] i
be responsible for this effect. In his thesis from U= 5¥] kgl ~ ~ B3ViIn)
1968 Schmelzle [8] investigated many different # I - !
silver-based contact materials with respect to their 170w -4
recovery behavior after current zero with
. 3 i — 4 +
consequent polarity change. Additionally, he
derived a theoretical model of this effect, similar to §
Paschen’s breakdown model, and compared the H =
results with the experiments. This model is taken as ™
the basis for newer simulations with better i —— L S—
approaches to the properties of contact materials as
well as the plasma of the arc column. Again, in an %
indust.rial switching. laboratory, int.errupti.on ' Non- ngh y
experiments were carried out for comparison with lonized lonized
the simulation results. i .|
il
2 Schmelzle’s Theory of Arc T T | I{
Recovery after Current Zero :
! |
Il
2.1  General i i ]
] W0 0 il D 'K £dn

Following, the new cathode is only denominated

cathode. Schmelzle [8] considers the temperature Fig. 1 Ionization Degree x; of Metal Plasmas as a

Function of Temperature 7 [8]
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Schmelzle idealizes this into a highly ionized
region above the temperature Tp iy, Which lies at
3100 K for Ag, and a non-ionized region below.
A positive space charge sheath of thickness d is
formed under the influence of the transient recovery
voltage (TRV). This sheath, which takes the whole
TRV, grows with time.

The ignition condition (Pachen’s Law) reads

ln(yii+ 1)=f0da-dx (1)

y; is the secondary emission coefficient of electrons
at the cathode, a the ionization coefficient in the
sheath d. a is often described as a function of the
local field strength E:

a = Ap-exp (— %), 2

Where p is the pressure, and A and B depend on the
gas. Due to the lack of data for the plasma mix of
metal vapor and air, the values of air,

1 \'4

A=14.6 , B=365

3)

cm-Torr cm-Torr

are taken here. The pressure is p = 760 Torr.
Schmelzle uses findings by Tajev [9] that prove a
correlation between the secondary emission
coefficient and the work function Uj:

__ 0115
Yi=vv

“4)

He further postulates that the work function Uy
behaves in the same way as the cathodic electron
emission due to temperature 7¢ and electric field Ec
there. Then U, depends on T¢:

Up(Te) = 558 InZE+ 32U, = £(B)  (9)

e Ty ' To
The last term is negligible. k£ = Boltzmann Constant,
e = electron charge.

Together with the field distribution within the sheath,
we finally get Schmelzle’s ignition condition:

1 _ d _ Bp
In (_Vi(TC) + 1) =Ap fo exp| ~ 55— dx (6

2d d

Uk is the recovery voltage, synonyms are breakdown
voltage, withstand voltage, or reignition voltage.
Equ. (6) is depicted in Fig. 2 with y; on the vertical
axis and Ug as parameter. The colored horizontal
lines mark y; for different cathode temperatures.
From this, other V-shaped curves of U= f(d) and
Ug = 1(¢) can be derived, where ¢ is the cooling time
after current zero.
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Fig.2  V-Shaped Curves Representing Equ. (6)

2.2. Some Results from [8]

The simulations in [8] were partly carried out with
simplified data for the electrode materials and the
plasma of the arc column. In a first step the
temperature at the contact surface was calculated
analytically by assuming the metallic contact as a
semi-infinite ball. The arc spot radius was kept
constant for each current in such a way that the
maximum temperature just touched the boiling
temperature of Ag. The current shape was half-
sinusoidal. After 10 ms arcing time, the second step
was the 1D cooling of the plasma column toward
the cathode. Average values from air were taken for
the thermal properties. Fig.4 is an example of
calculated recovery voltage Ur vs. the frequency fg
of the TRV, which is inversely proportional to the
time after current zero.
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Fig.4 Calculated Recovery Voltage Ug vs.
Frequency f; of TRV [8]
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The constant Ur values at high frequencies mean
that there is an immediate recovery voltage at
current zero (¢ =0). Comparison of the calculated
voltages with experimental results in Fig. 5 shows
that there is also a reasonable accordance between
theory and experiment with respect to different
contact materials.

3 Simulation Setup

For the simulations in this work a 3D contact
geometry was set up, see Fig. 6. The contact tips of
3 mm x 3 mm x 0.5 mm of AgSnO, are mounted on
a copper support of 0.8 mm thickness, whose exact
shape is irrelevant because heat does not penetrate
so much into the support to influence the situation
on the contact surface. Only one quarter is modeled
and symmetry conditions applied. The arc length L
is varied from 0.2 mm to 4 mm. Three different
positions of the arc root (= arc spot) are used for the
simulations:

(C) Spot in the contact Center
(M) Spot in the Middle of the contact edge
(O) Spot at an Outer edge of the contact

Full, half, or quarter circles are used for the shapes
of these spots. In a first simulation step only the
temperature development of the metallic parts is
simulated. From [10, 11] a constant current density
of 2:10% A/m? for AgSnO, is taken for the full circle
in position (C). This means that the diameter dspo
varies with time as the current varies. Together with
the Equivalent Anode Voltage V,a=9V [11] a
constant power density p = 1.8:10° W/m? acts on
the contact surface. For the half circle (M) the
double, for the quarter circle the fourfold value is
used. It can already be stated here that the current
and power density, respectively, only play a minor
part, since the applied model of vaporization
erosion keeps the surface temperature at boiling
temperature relatively long. This model, described
in detail in [12], takes into account all relevant
enthalpies of AgSnO, 8.7. Those of other oxide
content are nearly identical.

Plasma

Fig. 6 Simulation Geometry

The arc current was modified in two ways, the
RMS value of the f= 50 Hz current, as well as the
arcing time ¢, before the current zero moment.

i(t) = I-max{0,sin[2nf - (t + 10ms — t,)]} (7)

Fig. 7 shows this current evolution in principle.
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Fig.7 Current Evolution, here 7, = 1.5 ms

The RMS current was varied between 16 A and
250 A.
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Free cooling for several hundred microseconds is
achieved by running the total computation time
longer than the arc time ¢,.

In a second step, only the cooling and sheath
growth in the plasma volume is simulated. Because
the exact shape of the arc column is not known, the
initial temperature of the whole plasma volume is
set to 5000 K [7]. The temperatures of the metallic
parts from the first step are used as boundary
conditions of the plasma volume, the other
boundaries thermally insulated. Due to the lack of
better plasma data, those of Cu are taken [13]. All
simulations are carried out with the Muliphysics
Program COMSOL® [14].

4 Simulation Results

4.1 General

First, to get a correlation between the growing
sheath thickness d and the recovery voltage U,
Equ. (6) and Fig. 2 are taken as a basis. When we
take the temperature T as parameter, we obtain the
V;(smhaped Paschen Curves of Fig. 8.

g

g

B
8

g

Reignitian Voltage U, (V)

=7 =0.0441 (500 K)

<7, =0.0744 (825 K)
7 =0.1172 (1250 K)

-7 =0.176 (1772 K)

4.00E-02 8.00E-02 1.20E-01

d (mm)

Fig. 8 Paschen Curves derived from Equ. (6) and
Fig. 2
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Fig. 9 Recovery Voltage U as a Function of
Cathode Temperature T and of Sheath Thickness d

They show a so-called Paschen Minimum, a nearly
linear rise to the right, and a strong increase with
infinite values to the left. Those are physical
nonsense, because there is always a path where the

minimum breakdown voltage is active. There are
two practical ways to get around this problem. The
first is to shift the thickness scale to d as shown in
Fig. 8, the second to restrict all U values below the
temperature-dependent minimum. This is, however,
irrelevant because the Paschen Minimum is already
reached after > 1 us cooling time, and there is not
much difference between d and d” In Fig. 9 the
correlation used in the simulations is depicted. It
can be described by the equation

% — 2420 (T_KC)—osss ®

4.2 Arc Position in Contact Center

Fig. 10 shows the simulated temperatures in the arc
root center for different arcing times #, and an
additional free cooling time of 500 ps. The round
dots mark the moments of current zero. For longer
t, (>2.5 ms) they are nearly constant = 1800 K,
below they fall to =~ 800 K.
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Fig. 10 Temperatures in the Arc Root Center;
Current Igys = 150 A

During free cooling the sheath thickness in the arc
spot area grows rather homogeneously, with the
limit 77, parallel to the contact surface, see also
Fig. 13 at r=5pus, position dl. In Fig. 11 the
resulting recovery voltages Up are plotted for
different half lengths L/2, and for both #, = 10 ms
and #,=1ms. First, we see that there is no
influence of ¢,. because the temperature difference
at ¢, (Fig. 10) does not influence the evolution of
sheath thickness much.

We first look at L/2=1mm. Ug starts with
somewhat below 200 V at r=0 (“Immediate
Recovery Voltage*), to rise degressively with time.
All L/2> 1 mm are identical with 1 mm. For L/2
below 1 mm, however, Ur deviates from this
evolution. Rising starts earlier and runs steeper for
lower arc length and contact distance, respectively.
This is in perfect agreement with old results [4-6],
and is explicable by better cooling to the counter
contact.
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Fig. 12 shows the effect of the RMS current over a
wide range on Ug. There is nearly no influence,
because the spot surface temperatures, due to the
realistic erosion model, are nearly identical, and so
are the minimum sheath thicknesses.
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Fig. 12 Effect of RMS Current on the Recovery
Voltages Ug; Parameters L/2

4.3  Arcon Contact Edges

Rather independent of the shape of the arc spots and
the current density there, the temperatures in the
hottest points, the circle centers, are nearly identical
to those of Fig. 10. The difference lies in the
evolution of the minimum sheath thickness d.

Fig. 13 shows the growth of this thickness at two
different times after current zero. In the parallel area
between the contacts the growth happens with a
nearly constant thickness d1, while the thickness d2
at the edge is always smaller. The breakdown always
happens at the edge, and is determined by d = d2.

Fig. 13 Example of Growth of Sheath Thickness d
around a Contact Edge
Arc Spot M), Irms =150 A, t,=10ms, L/2 =1 mm

In Fig. 14 the recovery voltages Ur are drawn for
the arc position (M), again with L/2 as parameters.
There is a clear influence of L in that Uf is higher
for shorter arcs, but different from the central arc
position (C), Figs 11, 12, there is no length-
dependent deviation from an initially common
course.
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Fig 14 Recovery Voltage Ur as a Function of
Cooling Time after Current Zero. Ixyms= 150 A,
t, = 10 ms, Parameter L/2.
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Fig. 15 Recovery Voltage Ur for Different Arc
Positions. Ippms = 150 A, ¢, = 10 ms, L/2 = 0.1 mm

The last simulation result is a comparison of
recovery voltages Ur for the three different arc root
positions, Fig. 15. At ¢ =0 they all start at a similar
immediate recovery voltage. Then there is a very
clear sequence in faster rise from (0O) as the worst,
via (M) to (C) as the best case. The cooling and the
expansion of sheath thickness off the cathode is
best when the cooling arc root is a plane, see also
Fig. 13. This is the case when the arc exists in the
contact center (C).

5 Experimental Setup

In addition to the simulation work, switching tests
were carried out with the aim to determine the
recovery voltage as a function of recovery time.
The principle is to measure the breakdown voltage
for different frequencies of the Transient Recovery
Voltage TRV. This approach was also used by
Schmelzle [8]. The TRV frequencies directly
correlate to the steepness dU of the TRV. Therefore,
different time instants of the air gap’s recovery
voltage can be investigated through frequency
adjustment.

Fig 16 shows the 3-phase control unit used for tests.
The control unit accommodates 3 switching
elements. Through a microcontroller unit MCU the
switching elements can be controlled individually.
Additionally, the arc time of the switching elements
can be controlled. Per actual test only one switching
element opened with arc, and the other two
remained closed. Therefore, the one that opened
was tested. The thyristor of the test facility finally
turned off the 3-phase current once the recovery
voltage of the switching element under test was
measured. The switching elements were replaced
once all three were tested.

Line side

Phase 1 Phase 2 Phase 3

3-Phase
Control Unit

1) 2)

3)

MCU

Load side

Fig. 16 3-Phase Control Unit

The switching elements were single break designs
with 1 pair of AgSnO, contacts. The exact contact
material composition is unknown. The shape is
squared with 3 x 3 mm length and a height of 0.8
mm. The air gap between the contacts is 0.8 mm in
fully open state. Additionally, samples with 0.35
mm gap were tested. High speed movies showed an
opening speed of 1 mm / ms. The movable contact
becomes fully stable after 4.5 ms from first contact
opening instant. Therefore, for arc times >= 5 ms
the contacts are fully opened and settled.

Table 1 shows the test ratings. The overshoot factor
of the TRV was 1.6 for all the tests. The TRV
frequencies however are diffferent for 90A and 16A
test current. Limited adjustability for 16A was
possible since the load itself was already
significantly damped.

The voltage peak of the TRV is roughly 1.3 kV
which is the measuring range of the test set-up.

For 90 A two switching elements were tested and
20 cycles per switching element and TRV frequency
were performed. For 16A three switching elements
were tested, and the cycle number per test was
increased to 50. . The break time between switching
cycles was 30 s.

Test voltage: 768V RMS
Power factor: 0.40-0.45
TRV overshoot factor: 1.6

RMS Test currents and respective TRV frequencies
90A: 10,20, 30 kHz
16A: 10, 13 kHz

Table 1 Test Ratings

Fig. 17 shows the test circuit which is in line with
the low-voltage switchgear standard IEC 60947-1
(common part). The switching elements are shown
as SEI...3. The load consists of the resistor Ry; ;3
and the series air core inductors Xi . ;. In parallel to
the load impedance are the damping resistors Rp, 3



and capacitors Cp;_ 3. These allow to adjust the
overshoot and frequency of the TRV. The
calibration procedure was also according to IEC
60947-1 except that the TRV frequency and
overshoot values were according to Table 1. A
calibration generator G was used and connected at
the points CONI1...3. These connections were
removed after the TRV was adjusted. The currents
Al...3 and voltages across the contacts V1...3 were
measured with a transient recorder with 10 MHz
sampling rate.

489kVA Transformer
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CON1 f

Ru |:| i Ri [
Rop1 I::I Con Rp2 Co: == Rp3 I:] Coz ==
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Fig. 17 Test Circuit
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6 Results of Switching Tests

6.1 Breakdown detection

The breakdown voltage and recovery time were
detected automatically with a script written in the
TranAX (measurement software) formula editor.
Fig. 18 shows an example of a detection. U_reg is
the recovery voltage and t reg the time till
breakdown.

t_reg

File: 002 tpes

[07]

100.175 100.180 100.185 100.190 100.195
Time [ms]

Fig. 18 Breakdown Example

6.2 Test results 90 A

Figs. 19 and 20 show the recovery voltages as a
function of recovery time. The geometrical mean of
each test frequency shows the recovery trend.

For 9 ms arc time the recovery voltage starts with
350 V after 5 ps and rises with 175 V / 10us. For

5 ms arc time the recovery voltage starts with 410V

after 5 ps and rises with 205 V / 10us (Fig. 19). A

slightly better recovery was therefore observed for

5 ms compared to 9 ms.

1400 9ms arc time
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Fig. 19 Breakdown Voltage as a Function of
Recovery Time for 9 ms Arc Time and 90 A Test
Current
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Fig. 20 Breakdown Voltage as a Function of
Recovery Time for 5 ms Arc Time and 90 A Test
Current

Fig. 21 shows the boxplot comparison of the tests
with 0.8 mm air gap and 0.35 mm air gap. The
results with 0.8 mm gap show more variation as the
1" and 3" quartile indicate. The median of the 0.8
mm air gap is 350 V. The median of the reduced
gap is at almost 500 V. The visual inspection of the
samples showed that for 0.8 mm gap the arc spot
was mainly at position (O) of Fig. 6 whereas for
0.35 mm gap (M) and (O) were observed. Overall,
the gap comparison supports the theory of increased
recovery voltages for short gaps and arc spot in the
contact center.
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Fig. 21 Gap Comparison at 30 kHz TRV Frequency.
Left 0.8 mm Air Gap, Right 0.35 mm Air Gap

6.3 Test Results 16 A

Fig. 22 shows the results for 16 A Test Current.
After 12 ps most of the values lay around 1020 V
(P1). After 23 ps the value center increases to 1100
V (P2). However significantly lower values with a
range of 600 — 950 V (P3) were also observed. The
arc spots of contact samples from region P1 / P2
and P3 were compared through a visual erosion
check. As for the 16 A results, the comparison
showed that samples which tended to region P3 had
the arc spot at (O) whereas samples of region P1
and P2 tended to position (C) and (M). This
observation is in line with the simulation results as
well as the 90 A gap comparison results.
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Abstract

Arc re-striking phenomena of break arcs are sometimes observed with applied external magnetic field even at
small or middle load levels. In this study, AgSnO, contacts were operated to break an inductive DC load circuit
of 14V-7A, 14V-12A, 20V-7A, or 20V-17A with an applied external magnetic field of about B=120mT at contact
opening speeds of 1 to 200mm/s. Movements of break arcs were observed with a high-speed camera, while arc
voltage/current waveforms were also obtained. Arc energy was later calculated based on the obtained voltage/cur-
rent waveforms. Arc re-strikes were likely to be observed with larger load current levels and faster contact opening
speeds. The number of arc re-strikes was sometimes two or more. Arc energy calculations revealed that the total
arc energy from ignition to extinction reached almost the same level irrespective of re-striking incidents. Thus,
occurrence of the arc re-striking phenomena during break operations of inductive DC load currents up to 20V-17A
is believed to be influenced by the amount of energy to be supplied into a contact gap and to be consumed as arc
energy. Even when arc is blown out of a contact gap due to an applied external magnetic field, arc re-strikes may

occur and repeat until a certain amount of arc energy is finally consumed.

1 Introduction

Re-striking or re-ignition phenomena of break arcs are
sometimes observed when breaking a load current with
a mechanical switching device. In the authors’ previ-
ous investigations [1-4] on switching of DC inductive
loads with an AgSnO» contact pair under application of
an external magnetic field, re-striking or re-ignition
phenomena were sometimes observed, although the
switching operations were done even in relatively light
load conditions up to 20V-17A. In other words, re-
striking or re-ignition phenomena of break arcs with an
applied external magnetic field can be observed even
at small or middle load levels.

Arc re-striking or re-ignition phenomena have been al-
ready studied and reported. However, such previous
reports were in different load conditions and/or operat-
ing conditions from the authors’ conditions.

With respect to the phenomena in AC switching, Hauer
and Xin Zhou [5] studied arc re-ignition processes dur-
ing standardized 10kA/600V single-phase short circuit
interruption tests with Molded Case Circuit Breakers
(MCCBs), and reported the two different re-ignition
phenomena. The first category was “instantaneous re-
ignition”, in which an arc re-ignites immediately after
the current-zero point and a short circuit current con-
tinues to flow in reverse polarity. The second category
was “delayed re-ignition”, in which arc re-ignition
takes place with a certain time period after the current-
zero point. Slade [6] described in detail about arc re-

striking phenomena in capacitor switching with vac-
uum interrupters. Slade and Tayler [7] further investi-
gated influences of emission currents from a cathode
contact on occasional late or delayed re-strike after ca-
pacitor switching with vacuum interrupters.

In addition, arc re-striking or re-ignition phenomena
have been also reported in DC switchings under appli-
cation of an external magnetic field.

For example, Xue Zhou et al. [8] reported arc re-igni-
tions in a bridge-type Cu contact pair when breaking a
DC resistive 270V-200A, based on arc current meas-
urements and arc image observations. They suggested
that a uniform magnetic field with a proper density
would reduce arc re-ignitions. Xue Zhou et al. [9] also
reported occurrences of re-striking by multiple-arcs
and re-ignition leaded by swirl motion of arcs, based
on arc voltage measurements and arc image observa-
tions during breaking experiments of a DC resistive
50A at 280-730V with a bridge-type Cu contact. They
further reported [10] arc re-striking phenomena in the
breaking experiments of a DC resistive 50A at 300-
800V with a bridge-type M030%- Cu70% alloy contact
pair based on arc voltage measurements and arc image
observations, indicating that the arc re-strike phenom-
ena can be categorized into two types (i.e., a contact-
contact type and an arc-contact type) based on ob-
served arc voltage waveforms. Multi-arcs striking phe-
nomena were also reported by Ono et al. [11-12] when
breaking a DC resistive 10A current at up to 450V with
an Ag contact pair, although they called the phenomena
as re-ignition.
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Irrespective of the above-mentioned previous studies,
re-striking or re-ignition phenomena of break arcs with
an applied external magnetic field in small or middle
load regions have not been reported in detail. Their
better understanding, for example on their occurrence
conditions, will be advantageous for realizing better
performances and reliabilities of mechanical relays.
Thus, in this paper, arc re-striking or re-ignition phe-
nomena to be observed in break operations of AgSnO,
contacts in an inductive DC load circuit up to 20V-17A
with an applied external magnetic field of about 120mT
at contact opening speeds of Imm/s to 200mm/s were
studied in view of arc energy levels [13-14].

2 Experimental Conditions and
Procedures

2.1  Experimental setup

The experimental setup in this study was the same as
that in the authors’ recent studies [1-4]. Fig.1 shows
pairs of AgSnO; contacts (Ag88%-Sn0,12%, prepared
by internal oxidation with no additives) used in this
study. Both stationary (right in Fig.1) and movable
(left in Fig.1) electrodes were of solid rivet-type with a
head thickness of about Imm and a head diameter of
about 3mm. The head of the stationary electrode was
attached onto a metal plate (18mm x 6mm), while the
head of the movable electrode was attached onto a
spring plate (also 18mm x 6mm) made of phosphor
bronze.

Fig. 1 Stationary (right) and movable (left) elec-
trodes in this study.

Fig. 2 Experimental setup in this study.

Fig.2 shows a photo of the experimental setup em-
ployed in this study.

The switching mechanism included a motorized stage
driven by an AC servo motor. The motorized stage was
placed onto a stable metal platform on which one elec-
trode of a test contact pair was also fixed as a stationary

electrode via a certain attachment jig. Another elec-
trode was mounted onto the motorized stage as a mov-
able electrode. Switching operations of the contact pair
were realized via movements of the motorized stage by
controlling the AC servo motor through instructions
from a PC program.

The inductive load circuit in this study included an in-
ductive component of about 5.7 mH. It was not in-
tended to realize any specific applications, but rather, it
was intended to mitigate influences of unregulated in-
ductive components in the circuit (e.g., stray induct-
ance components due to wirings) by employing such
an intentional inductive component. No specific con-
trol for the load current flow was employed during the
switching operations, resulting in both break and make
discharges. Among them, only break arc discharges
were investigated in this study.

In order to externally apply an magnetic field, a piece
of neodymium magnet (with 0.5 cm in height and 1.5
cm in diameter) was placed at about 0.5 cm away from
the contact gap position. With such a placement, the
resultant magnetic flux density at the contact gap was
measured to be about 120 mT, although it was not able
to confirm whether or not the magnetic flux density
was uniform in the contact gap.

Table 1 summarizes the experimental conditions.

Table 1 Experimental conditions.

Contact material Ag(88%)-Sn02(12%)

DC inductive (L=5.7mH)

Load circuit (time constant = 2 to 5 ms)

14V-7A, 14V-12A,

Load conditions 20V-7A, and 20V-17A

Ambient environment laboratory air (no control)

Contact opening speed 1, 10, 50, 100, 200 mm/s

Final contact gap about 2 mm

about 120 mT @ -contact

External magnetic field
gap

2.2 Measurement and observation pro-
cedures

Before the test, the surfaces of both electrodes of a test
contact pair were polished with #1000 sandpaper and
then wiped with methyl alcohol. Thereafter, the con-
tact pair was mounted onto the switching mechanism
with the movable electrode as an anode and the station-
ary electrode as a cathode. At the closed position, the
movable anode electrode was slightly pushed back-
ward by the mating stationary cathode electrode,
thereby resulting in slight bending of the spring plate
(an electrode assembly arm for the movable anode
electrode) due to its elasticity. This may cause some



wiping between the electrode surfaces as is usual in
commercial relays.

In each of the test conditions, four arc voltage wave-
forms across the separating contacts, as well as corre-
sponding arc current waveforms, upon contact opening
were recorded with a digital storage-scope (Yokogawa
DL1620). Arc movement was also observed and rec-
orded simultaneously with a high-speed camera (Pho-
tron FASTCAM MiniAX200). Recorded movies of the
arc movements, as well as the arc voltage/current
waveforms, were later analysed.

3 Experimental Results

3.1 Occurrence tendencies of arc re-
striking phenomena

In the following descriptions, the term “re-strike” or
“re-striking” will be used without any specific distinc-
tions from the term “re-ignition”, different from the
several other researchers’ previous references as men-
tioned in the above.

Whether arc re-strike was occurred or not was deter-
mined based on the measured arc voltage waveforms.
Fig.3(a) shows exemplary arc voltage/current wave-
forms without any re-strikes, while Fig.3(b) and
Fig3(c) show the waveforms with one or several arc re-
strikes. In each of these figures, the voltage waveform
(the blue traces) finally became constant at the power
supply level, while the current waveform (the orange
traces) finally reaches zero. The black-colored vertical
line at around the timing of rapid increase in the arc
voltage waveform before the final extinction corre-
sponds to the arc blown-out timing, as determined from
the respective corresponding high-speed movies. It
should be noted that due to limitation of the measure-
ment range of the digital storage-scope employed, the
arc voltage waveforms are flattened at about 80V in
these figures.

From the waveforms as shown in Fig.3(a), in the case
without re-striking phenomena, the arc current was
likely to already be relatively small when the magnetic
arc blown-out occurred. The arc current then rapidly
decreased during the arc blown-out in a short period of
time. On the other hand, with one or more arc re-
strikes, the arc blown-out occurred when the arc cur-
rent was still at relatively a high level, and thus de-
crease in the arc current during the arc blown-out was
likely to take a longer period of time, as shown in
Fig.3(b) and Fig.3(c).

Although not perfectly confirmed, a full contact gap
was not yet reached upon re-striking.

The observed results on occurrence tendencies of arc
re-striking phenomena are summarized in Table 2.

In this table, the mark “x” means that arc blown-out
(and arc re-strikes) was not observed among the respec-

tive four observations. The number “0” means that alt-
hough arc blown-out occurred, no arc re-strikes were
observed among the four observations.

The other numbers indicate the averages of observed

arc re-striking phenomena among the four observations.

For example, in the 14V-7A@50mm/sec condition, the
number “0.25” means that only one re-strike was ob-
served among the four observations.
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(c) with several arc re-strikes (20V-17A@50mm/s)

Fig.3 Exemplary observed arc voltage/current
waveforms with/without arc re-striking phenomena.

Table 2 Occurrence tendencies of arc re-striking phe-
nomena.

Load conditions

Contact
Giiriing speed | 14V 14v 20V 20V

TA 12A 7A 17A
1mm/sec b x X 0.25
10mm/sec X 0.25 X 3
50mm/sec 0.25 2.75 0.25 2.25
100mm/sec 0.5 2.25 0 1.75
200mm/sec 0 2.5 0.25 2.5
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These summarized results show that re-striking phe-
nomena were likely to be observed with larger load
current levels such as at 14V-12A and 20V-17A. Fur-
thermore, in those conditions, multiple re-strikes were
observed at faster contact opening speed levels. In the
other two load conditions (14V-7A and 20V-7A), arc
re-striking phenomena were likely to be observed only
at faster contact opening speeds.

3.2  Arc energy comparisons between
the cases with or without arc re-
striking phenomena

Among the respective conditions indicated in Table 2,
at least one arc re-strike was observed in each of every
four observations in the following conditions:

- 14V-12A @ 50mm/s;

- 14V-12A @ 100mm/s;

- 14V-12A @ 200mm/s;

-20V-17A @ 10mm/s; and

-20V-17A @ 200mm/s.
On the other hand, in the following four conditions,
both of the cases with/without arc re-striking phenom-
ena were observed among the respective four observa-
tions:

-20V-7A @ 200mny/s;

-20V-17A @ 1mm/s;

-20V-17A @ 50mm/s; and

-20V-17A @ 100mm/s.
Thus, these four conditions were picked up for the pur-
pose of make comparisons between the cases with or
without arc re-strikes. The observed results of arc re-
striking phenomena are summarized in Table 3.

Table 3 The number of observed arc re-strikes.

Operating conditions

V-4 AV-17A V-17A V-17A
200mm/sec Immsec S0mmfsec 100mm/sec

LT3[ 412|834 |1|2[3|¢|1]2]|3

Re-strke(yes:Q nox) Q| % | % | X X|X|X 010|x[0|0]x[0]0

—
—
r~

Number of re-strikes 413 411

Based on the measured arc voltage/current waveforms
as shown in Fig.3, arc energy (in other words, power
dissipated) was calculated as the product of the arc
voltage and the arc current. The thus-obtained exem-
plary arc energy waveforms are shown in Fig.4(a) and
Fig.4(b), respectively. In both of these figures, the ver-
tical line at around the timing of rapid increase before
the final extinction indicates the arc blown-out timing
corresponding to the black-colored vertical line in
Fig.3. Furthermore, another vertical line corresponds
to the arc extinction timing also determined from the
respective corresponding high-speed movies.

In the calculated arc energy waveforms as shown in
Fig.4, an arc energy value (E1), which corresponds to
the section from the initial arc ignition to the magnetic
blown-out timing, and an arc energy value (E2), which
corresponds to the section from the magnetic blown-
out timing to the final arc extinction, were respectively
obtained. In other words, the value E2 corresponds to
the arc energy during the magnetic arc blown-out pe-
riod, and energy during arc re-striking phenomena is
included in the arc energy value E2.

E

K

W)

Arc power dissi

=

break arc duration ( sec )

(a) without any arc re-strikes (20V-17A@50mm/s)
(corresponding to Fig.3(a))

_ 250 E
B 4/ 2

break arc duration ( sec )

(b) with arc re-strikes (20V-7A@200mm/s)
(corresponding to Fig.3(b))

Fig. 4 Exemplary arc energy waveforms with/with-
out arc re-strikes.

Fig.5 shows the values E2 in the magnetic arc blown-
out period in the respective four observations for each
of the four operating conditions indicated in Table 3.
In Fig.5(a) and Fig.5(b) which correspond to the cases
with the relatively slow opening speed levels of 1mm/s
or 50mm/s, large differences in the energy vales E2
during the magnetic arc blown-out period can be rec-
ognized among with or without arc re-striking phenom-
ena. In contrast, however, in Fig.5(c) and Fig.5(d)
which correspond to the cases with the relatively faster
opening speed level of 100mm/s or 200mm/s, the en-
ergy values E2 during the magnetic arc blown-out pe-
riod reached almost the same level irrespective of
whether or not arc re-striking phenomena occurred.
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Fig. 5 Comparisons of the arc energy values E2 dur-
ing the magnetic arc blown-out period. (Blue-colored
bars correspond to the cases with re-striking, while or-
ange-colored bars correspond to the cases without re-
striking.)

(d) 20V-7A@200mm/s

Fig. 6 Comparisons of the total arc energy values
(E1+E2) from the initial arc ignition to the final arc ex-
tinction with/without arc re-striking phenomena.
(White-colored bar portions correspond to E1 values
and black-colored bar portions correspond to E2 values,
respectively)
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Fig.6 shows total arc energy values in the respective
four observations for each of these four operating con-
ditions.

The total arc energy for each of the four observations
reaches almost the same level in each of these operat-
ing conditions, irrespective of whether or not arc re-
strike was observed, and irrespective of the number of
actually observed arc re-strikes. In other words, even
if arc is blown out of a contact gap due to an external
magnetic field, arc would not completely disappear un-
til the supplied energy is finally consumed with one or
more re-striking incidents.

4 Discussions

Referring again here to Fig.5(a) and Fig.5(b) where in
the cases without any arc re-strikes, the arc energy val-
ues (E2) consumed during the magnetic arc blown-out
period were smaller than those in the cases with arc re-
strikes. In such cases, Fig.6(a) and Fig.6(b) show that
relatively large arc energy was consumed (as E1) in the
period from the initial arc ignition to the magnetic arc
blown-out timing. As a result, the total arc energy
(E1+E2) shown in Fig.6(a) and Fig.6(b) reached almost
the same level among the respective four observations
in each of these two conditions, irrespective of occur-
rences of arc re-strikes.

Therefore, with slower contact opening speeds, it will
be possible to say that even if the magnetic arc blown-
out occurs earlier, one or several arc restrikes will oc-
cur so as to consume the remaining energy.

It should be noted that in Fig.6(b), the total arc energy
in the second observation (corresponding to the case
without any arc re-strikes) exhibited relatively a large
amount. For this specific case, a time period from the
initial arc ignition to the magnetic arc blown-out timing
was relatively long, resulting in the arc energy E1 to be
consumed in this period becoming larger, resulting in
a larger total arc energy level.

Referring further to Fig.5(c) and Fig.5(d), the energy
values E2 consumed during the magnetic arc blown-
out period reached almost the same level irrespective
of whether or not arc re-striking phenomena occurred.
Even in such cases, the total arc energy (E1+E2) shown
in Fig.6(c) and Fig.6(d) reached almost the same level
among the respective four observations in each of these
two conditions, irrespective of occurrences of arc re-
strikes.

Thus, from the results obtained in this study, it may be
possible to say that at least in the operating conditions
investigated in this paper, even when a break arc is
magnetically blown out, the arc will not completely ex-
tinguish until the energy supplied into the contact gap
is finally consumed while experiencing one or more re-
striking phenomena. Consumption of the supplied en-
ergy at the contact gap can be one of possible factors
influencing occurrence of arc re-strikes.

5 Conclusions

Switching operations with AgSnO, contacts in an in-
ductive DC load circuit of 14V-7A, 14V-12A, 20V-7A,
or 20V-17A with an applied external magnetic field of
about 120mT at contact opening speeds of 1mm/s to
200mm/s were conducted, and break arc phenomena
were studied.

(1) Arc re-striking phenomena were likely to be ob-
served with larger load current levels and faster contact
opening speeds. The number of arc re-strikes was
some-times two or more, especially when a load cur-
rent value was larger and a contact opening speed was
faster.

(2) Arc energy was calculated from the measured arc
voltage and current waveforms. The thus calculated
results of arc energy revealed that the total arc energy
from ignition to extinction reached almost the same
level irrespective of arc re-striking incidents.

(3) Thus, occurrences of arc re-striking phenomena in
break operations of inductive DC loads up to 20V-17A
are influenced by the amount of energy that is supplied
into and to be consumed at a contact gap. Even when
arc is blown out of a contact gap due to an external
magnetic field, arc re-strikes may occur and sometimes
repeat until the supplied energy is finally consumed.

Relationships between re-striking phenomena and con-
tact performances such as total break arc durations are
not yet made clear. It is also not yet made clear whether
or not the first re-striking incident occurs at the same
current level. Further investigations will be required,
for example, with different levels of an external mag-
netic field and/or in different load conditions, in order
to realize further understandings of arc re-striking phe-
nomena.
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Abstract

During a make operation in an electromechanical switching device, an electrical arc could occur because of
mechanical bounces and can cause serious damages, such as contact welding and electrodes erosion. The
characteristics of this arc are influenced by several parameters such as the level of voltage and current, the load of
circuit, the nature of contact materials and, a parameter that we will focus on, the voltage frequency.

Indeed, for frequencies equal or greater than 50 Hz, the current can go through zero several times during typical
mechanical bounce. The energy transferred to the electrodes, which will condition the welding, depends on the total
arc duration, and so on the reignition of the arc.

In order to investigate this phenomenon, the contacts welding in relation with the re-ignition of arc have then been
studied for different frequencies. The make tests were done for 115 Vrms/750 Arms with a mechanical bounce of 2
ms, with different frequencies 50 Hz/ 400 Hz/ 500 Hz and with AgSnO, contact material and silver contacts as
reference. The welding characteristics, such as welding occurrence and force were measured as a function of arc

characteristics (voltage/current/energy).

Finally, this investigation showed the importance of the voltage frequency on contactors reliability.

1 Introduction

Switching devices like contactors play an important role
in an electrical network. In the area of aeronautics, an
ongoing evolution of electrical network is taking place to
improve the performance of the vehicles. Therefore, the
number of electrical contactors has increased.
Consequently, from a statistical point of view, it could
cause more deficiencies such as overheating and contact
welding.

Welding phenomenon is one of the most important issues
which could take place at the contacts closure [1], [2]. It
could damage the switch and consequently influence the
safety and driveability of the vehicle. Therefore, for a
better understanding of this phenomenon, it was the
subject of multiple studies [3—8] in which the authors tried
to show the influence of different parameters on it such as
arc energy, material nature and contact force.

In the present study, contact-welding and their
characteristics have been studied in different power
supply frequencies, 50 Hz, 400 Hz and 500 Hz, as well as
the bounce arc characteristics. AgSnO, contacts have
been used for this study. They are well known by their
anti-welding aspect [2], [8—10]. Pure Silver contacts have
been used as a reference.

The electrical current, the contact material nature, the
kinematic of the contact, are well known to have
significant effect on welding characteristics [1], [2]. By
having an effect on arc characteristics, voltage frequency,
which influence arc duration may also have an influence
on contact welding. The purpose of this work is to

determine how AC current may influence the welding
phenomenon.

An approach of the problem indicates that high frequency
would lead to short arcs [11] and consequently weak
welding. Indeed, a short arc injects less thermal energy on
the arc spot, thereby decreasing the amount of molten
zone. However, this study showed that this approach is
too simplistic.

2 Experimental part
2.1 Welding test bench
Lab power
supply 3w
e '
Dri\’erﬁ—[
N
Protection _J,\
contactor Current “ PC
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Stage XYZ SRR
Piezoelectric actuator Voltage
Displaccment sensor "“Ihc
Electrical contacts * — r:.—
Force sensor -
+ Separation Motor

Fig.1  Scheme of the testing equipment for make tests
Based on the model of Morin et al [8], an experimental
test bench has been designed to characterize the bounce
arc and the contact welding (Figure 1).



In this test bench, a piezoelectric actuator, fixed on the
anode, reproduces a controllable mechanical bounce
during the electrodes closing, which helps to eliminate
nearly the different softness and damping effect of the
contact material.

The displacement motor applies a chosen contact force,
which is adjusted thanks to the force sensor. This force
sensor fixed on the cathode also measures the
supplementary force required to separate the contacts in
case of sticking, called welding force. The contacts are
considered definitely stuck when the welding requires an
effort superior to the pulling force of the displacement
motor equal to 100 N.

The arc voltage and current are measured by probes. The
laser displacement sensor is placed behind the
piezoelectric actuator. It allows to check the profile of the
bounce. These measuring instruments are connected to an
oscilloscope. Figure 2 shows an example of acquired data
by the oscilloscope. These data allow to determine the arc
duration, the arc energy and the height of the bounce.

All the instrumentations allowing data acquisition (motor,
power supply, oscilloscope, voltmeter, displacement
sensor, force sensor) are connected by USB bus and
controlled by a computer.

20 - 15 100

- - Voltage
— Current 1.0 =
10+ Displacement -150 =
= 05 < =
2 0 00 = 2
e B B
w ; -05 3 =
-10 ©ls0 &
-1.0 A

=20~ : : -15 1-100
-0001 0000 0.001 0.002
Time (s)

Fig. 2 Voltage and current of a bounce arc and the
height of the bounce during a make test.

Table 1 shows the mechanical and electrical conditions of
the tests.

Source voltage 115 Vrms
Current 750 Arms
Load type Resistive
Contact force 6N
Welding force lower limit 2 N
Atmosphere Ambient air
Bounce height 80 pm
Bounce duration 2 ms
Number of Bounces 1
Motor pull capacity 100N
Table.1 Tests conditions for bounce arc

2.2 Samples Material

Silver-based contacts are the most frequently used on
electrical switching devices. The addition of tin oxide

provides an anti-welding effect, by facilitating the
welding fracture.

The samples used for these tests are tips with two types of
materials: pure Silver and AgSnO; (10 wt.% SnO3). The
electrodes have curved surfaces with a radius of 300 mm.
The diameter of those samples is 16 mm.

3 Results and discussion

3.1 Welding force vs voltage frequencies

Table 2 summarizes the results of welding phenomenon
obtained from the make tests. It shows the maximum
welding force, the welding occurrence rate, and the
average welding force of Silver and AgSnO, samples for
the test frequencies 50 Hz, 400 Hz and 500 Hz.

:E| ¢ |zf |z |2 | %8
A ££ 5 g o
3 = S = £ g =
= 5 4 - ]
] = =
S50 Silver | >100 >100 | 100
50
AS50 |  AgSnO, 76.8 13.5 | 91.7
S400 Silver 80 12.2 | 81.5
400
AS400 AgSn0O, 68 13.7 90
$500 Silver 83 17 | 90.5
500
AS500 AgSn0O, 78 15.39 92

Table.2 Contact welding characteristics

Fsmax corresponds to the strongest welding that the
separation motor could break. When the contacts are
definitely stuck (Fsmax>100), the number of tests stops.

For the test done with the frequency 50 Hz, the silver
sample S50 has been stuck definitively since the first
operation. On the other hand, for silver samples S400 and
S500 a number of 450 and 240 cycles were carried out
respectively.

Concerning AgSnO, samples, the definitive sticking has
been reached after 400 cycles for AS50, 500 cycles for
AS400 and 100 cycles for AS500. This shows that the
service lifetime of the contacts is not related linearly to
the voltage frequency.

Moreover, except for the case of the sample S50, the
average welding forces of S500 and AS500 (500 Hz) are
the highest besides the average welding forces of the rest
of the samples.

Figure 3 highlights the visualisation of the welding force
trending, and the maximum force for each period of Silver
and AgSnO; contacts tested at different frequencies:
50 Hz, 400 Hz and 500 Hz.



For AgSnO, contacts (AS50, AS400 and AS500) the
impact of ageing is considerably notable on the welding
force, it increases according to the service time.
Nevertheless, cases of strong welding over 60 N are
exceptionally observed in the beginning of the contacts
lifetime. Contrary to the silver contacts (S400 and S500),
there is a fluctuation of welding force throughout all their

lifetimes.
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Fig.3 Welding average force vs. test cycles

Furthermore,
distribution curves of welding force versus different
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lifetime periods (the beginning, the middle and the end).
It shows that despite that contact ageing has a slight
impact on the welding force, AgSnO; and silver samples
have an opposed behaviour with time.

AgSnO, sample starts by the occurrence of small welding
forces and ends by occurring high ones. In the other hand,
it is observed that for the Silver samples during the first
periods, the occurrence of high welding force is greater
than the rest of the contacts lifetime.
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Fig. 4 Cumulative distribution of welding force for

different lifetime periods

In order to understand this welding behaviour, the arc
characteristics (duration and reignition) and the arc
energy are presented in Figure 6-7 and 8 respectively.

3.2 Arc duration vs voltage frequencies

The bounce arc could stay ignited till the definitive
contacts close, which means that the arc duration is equal
or less than the bounce duration. Nonetheless, the
definitive arc extinction could be conditioned by the
voltage frequency.

In the literature, the arc ignition requests a power supply
voltage greater than 12 volts and a current above 400 mA
for Silver [2], [11]. Hence, the maximal arc duration is
depending on the frequency. Therefore, under this
approach, the arc duration could not be higher than the
half-period of the voltage waveform. Figure 5 below

shows the maximum arc duration that could have
occurred following this approach.
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Fig. 5 Arc durations during a voltage half-period
waveform vs. voltage frequency for 115 Vrms

Nevertheless, at all the tested frequencies, 50 Hz, 400 Hz
and 500 Hz, the arc durations were measured and part of
them exceeded the half-period duration of the voltage
waveform of each frequency as shown in Figure 6. The
occurrence of reignition is showed also in the same figure.
As observed in these figures, the reignition number
increases by increasing the voltage frequency. This
explains the observed long arc durations for AS400 and
AS500. This phenomenon takes place for the majority of
tests. It could depend not only on the frequency of the
current but also on the nature of contact materials and the
condition of contact surface. Actually, the arc reignition
may happen because of a residual plasma existing in the
contact gap [12], this reignition causes a splashing of
melted metal, which helps to increase the melted surface
and consequently increase the welding occurrence.
Figure 7 shows two examples of arc reignition for S0Hz
and 500Hz and an example where the arc extinguishes
after the first ignition.

Beyond the phenomenon of reignition, towards the end of
tests, the contacts became very rough. This leads
sometimes to a mechanical perturbation, which leads to
create small bounces after the main applied one.
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Fig. 6 Bounce arc duration occurrence vs. voltage
frequency

The longer arc duration may also be caused by evaporated
and molten contact material, this could be influenced by
several factors such as the material structure and the
pressure, but it is still a complex phenomenon requesting
a precise investigation and understanding.
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Fig. 7 a) & b) Example of reignition phenomenon at
50 Hz and 500 Hz respectively c) one ignition at 500 Hz

3.3 Bounce voltage

frequencies

arc energy Vs

The arc energy Wa has an important impact on the
welding characteristics, the energy dissipated during arc
time is[13] :

w,.= uidt

arc Aturc

(1

u: the voltage across the contact gap
i: the current flowing through the contact

The bounce arc energies measured during the make tests
are presented in Figure 8. The dependence of these
energies with respect to the contact lifetime follow
approximatively the one of the welding force shown in
Figure 3.
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Fig. 8 Bounce arc energy vs. test cycles

The bounce arc energies are proportional to the arc
duration, to the current level and the voltage level. In this
case, the increasing of energies for AgSnO, samples
especially in 50 Hz is explained by the damage of the
contacts surfaces. This deformation increases the number
of asperities, which provokes other arcs and implicitly
increases the arc energy values (F igure 9). In addition,
the high current (750 Arms) helps to maintain the arc
longer and expand the arc duration.

34 Contact materials after the make
test

After going through several arcing tests, a major change
is observed on the contacts surfaces. Those damages are
depending on the arc energy and the material nature as

explained before.

Figure 9 shows the condition of those surfaces after the

make tests
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Fig. 9 Contacts surfaces after the make tests
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The presence of pores on the surfaces of AgSnO, samples
is referred to the presence of the metallic oxide on the
contact material, they are created by gaseous bubbles of
the metallic oxide in the silver matrix. This aspect is
considered as an anti-welding mechanism [14]. The
diameter of these pores varies between 1 mm and 10 um.
In addition to this, it is noticed that the arcs have reached
all the surface of AgSnO, sample AS50 which is not the
case for AgSnO, AS400 and AS500. Thus when the
probability of arc occurrence increases on a small part of
the sample, this leads to a local severe degradation, which
could accelerate the occurrence of strong welding.
Furthermore, Rieder et al. demonstrated that the more the
molten zones of each electrode meet perfectly the more
the welding force becomes higher [15]. This could
explain the difference of the samples lifetimes.

The silver samples are damaged differently from the
AgSnO; ones. On their surfaces, a severe erosion had
taken place by splattering the droplets of molten metal as
observed on the surface of the contact holder.
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T00um’ To0pm’
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Fig. 10  Microstructure of AgSnO, sample with SEM —

EDS. a) AS50 - b) AS400 - ¢) AS500

Figure 10 shows the surface roughness of AgSnO,
contacts after finalizing the make tests, the images are
obtained by using SEM. The EDX analysis have been
used to show the chemical elements repartition on the
contacts surfaces. It is found that the elements still almost
homogenous even after all the arcing cycles. Furthermore,
the tin oxide is more concentrated in the edges of the pores
especially on the samples tested with 400 Hz and 500 Hz.

4 Conclusion

In this work, making tests were carried out for
115 V/ 750 Arms with different frequencies; 50 Hz,
400 Hz and 500 Hz. The purpose of this study was to
analyse the effect of the voltage frequency on the bounce
arc and the contacts welding characteristics.

According to an analytical approach, it was expected that
increasing the voltage frequency could help to reduce the
bounce arcs duration and consequently decrease the rate
of welding occurrence and the welding force. However,
the obtained results show that the voltage frequency has
an indirect effect on welding characteristics because of
the arc reignition.

That is, the arc reignition expands the arc durations and
implicitly increases the arc energies. It has also an impact
on the condition of contact surface. The number of arc
reignition, characteristics of arc energy and the
degradation of contact surface lead to high welding forces
and increase the welding occurrence.

The results of this work open up further studies for the
understanding of the physical interaction of arc reignition
with the contact materials and its effects on their
reliability in different electrical, mechanical and
atmospheric conditions.
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Abstract

Pyrotechnic switches are used for overcurrent protection, e.g. in low-voltage DC circuits (battery disconnector).
At fault current interruption, arc voltage built up by the switch must be sufficiently high to drive the current to
zero (DC switching principle). Compared to AC interruption, the switch does not experience a transient recovery
voltage (TRV). With increasing breaking capacity, comparatively large construction volumes are necessary. Pos-
sible reduction in design effort of the switch is found by using the commutation principle where the pyrotechnic
switch is integrated as commutation switch in the low-impedance main current path.

This publication presents an experimental method for recording the dynamic dielectric recovery characteristics of
a pyrotechnical switch for commutation circuits. An electrically equivalent network without a switch-off element
in the commutation path was installed in the synthetic test circuit and stressed with currents up to 10 kA. From the
moment of successful commutation by the pyrotechnical switch, the switch was loaded with voltages up to 4 kV
using an RC circuit for recording the dynamic dielectric recovery characteristic. With the resulting dielectric re-
covery course and the verification of the switching capacity required for successful commutation, an optimally
adapted switch-off element can be selected for realizing the overcurrent protection device based on the commuta-
tion principle.

In such cases pyrotechnical switches are increasingly
used (e.g. to protect the battery systems in electric ve-
hicles), which are one-time switches in normally
closed condition [1] [2] [3].

1 Introduction

Traditional devices to protect in case of overcurrent in
low voltage networks are fuses, circuit breakers and
miniature circuit breakers. In circuit breakers, the de-
tection of a fault current is usually done with electro-

In the case of the interruption of a fault current in a DC
circuit, the switching arc voltage built up by the switch
must be sufficiently high to bring the current to zero.

mechanical tripping units, and the current is also inter-
rupted electromechanically.

Fuses, current limiting circuit breaker and miniature
circuit breakers are able to interrupt high fault currents
within a few milliseconds. Big circuit breakers with
rated currents up to several thousand amperes usually
need at least several 10 ms, if not intentionally time-
delayed to provide selectivity.

In some cases these traditional protection measures are
not sufficient, especially if
- the equipment to be protected does not have suf-
ficient current carrying capacity for the let
through current remaining until interruption, or
- protection against the effects of electric arcs is
required, which can cause considerable damage
to equipment and hazards to persons already in
a very short time [1].
Therefore, protection devices are required which can
interrupt the fault current in much shorter time. Semi-
conductor switches can interrupt currents in a very
short time, but do not have the isolation distance in the
off-state, which is often required for safety reasons.

With increasing demands on the breaking capacity of
the switch, relatively large construction volumes are re-
quired. One possibility to reduce the design effort for
the switch can be the use of the generally known com-
mutation principle as described in [1] and [2].

With this solution the pyrotechnical switch is inte-
grated as a commutation switch in the low-impedance
main current path, which is designed for carrying the
operating current. When the fault occurs, which means
a much higher current than the operating current, the
pyrotechnical switch is activated with the help of a suit-
able fault detection. Due to the functionally very short
switching time and the directly following significant
voltage build-up, the fault current is completely com-
mutated into the higher-impedant commutation path.
Due to the higher impedance of this path, the fault cur-
rent is limited and is subsequently switched off by a
conventional switching device with a low current car-
rying capacity and short interruption time.



The switching capacity to be applied by the pyrotech-
nical switch during the commutation process is low
compared to a complete switch-off. For the final inter-
ruption of the fault current in the commutation path, the
integrated conventional switching device (e.g. fuse)
builds up a high counter-voltage (switching voltage).
The total voltage from the product of the current and
the impedance of the commutation path and the switch-
ing voltage of the conventional switching device
stresses the open switching path of the pyrotechnical
switch (comparable to the transient voltage in AC cir-
cuits). For the safe and fast interruption of fault current,
the dynamic voltage build-up by the switching device
in the commutation path needs to be adapted to the time
dependent dielectric recovery of the pyrotechnical
switch immediately after completion of the commuta-
tion process.

Therefore, the task is to determine precise element
combinations for each application in order to success-
fully interrupt both small (several 100 A) and large re-
sidual currents of up to several 10 kA which may occur
in low voltage networks.

Due to the comparatively high commutation and
switch-off speed, such overcurrent protection is possi-
ble for both DC and AC networks.

1.1  Setup of an interruption installation on
the basis of commutation principle

Figure 1 shows the equivalent circuit diagram of the
commutation circuit described in this article. The total
current ip represents the operational current which has
to be carried continuously or the fault current to be in-
terrupted in case of a failure. The total current is di-
vided between both paths of the commutation circuit.
Due to the dimensioning of these paths the larger part
i1 of the total current flows through the commutation
switch with pyrotechnic switch, which can be trig-
gered. The equivalent impedance Z; of the main path is
nearly fully determined by the geometry of the path of
the closed pyrotechnical switch. A smaller part i> of the
current flows through the commutation path, which
contains the interruption device, which is shown here
as a fuse. Additionally other elements (e.g. resistors)
can be installed to increase the equivalent impedance
of the commutation path Z>.

ext. Trigger % #
4
A~

b L > y R Switch
f Y] —
I, L, R, Fuse

Fig. 1 Commutation circuit with main current path
(1) containing triggerable pyrotechnic switch and com-
mutation path (2) with its fuse.

By appropriate choice of the impedance ratio Zi/Z, the
load of the commutation path and therefore of the fuse
can be reduced while the pyrotechnic switch is closed.

So a small cross section of the fuse-element can be cho-
sen, which improves the response behaviour and the
switching capacity of the fuse [4].

For the investigations presented here a commercial py-
rotechnical switch was used as the test object, which is
intended for DC networks in conjunction with electro-
chemical accumulators. The switch has a breaking ca-
pacity of 250 A at 400 V (2000 A at 32 V) and purely
resistive load.

1.2  Description of the load of the commuta-
tion switch

The choice of the pyrotechnical switch in relation to the
switching capacity and the dielectric recovery charac-
teristic determines the possible elements of the com-
plete commutation circuit.

The switching capacity of the switch determines
whether the commutation process is successful. The
following three parameters must be considered:
The instantaneous value of the fault current /y at initia-
tion of the commutation process determines together
with the impedance of the commutation circuit the
minimum voltage level to be built up by the switch
Ucommu [5]

Ucommu > [0 * (Zl + Zz)

Furthermore, the voltage must be present for the entire
commutation time fcommu- The duration is essentially
determined by the time constant of the commutation
circuit Teommu, Which is calculated as follows:

L1+L2_2M
Ri +R,

Tcommu -

In addition to the impedances of the individual paths,
which can each be broken down into an ohmic (R) and
an inductive (L) component, the magnetic coupling of
the two paths via the common mutual inductance M
plays an important role for in determining the time con-
stant and the resulting commutation time.

Thus the maximum size of the impedance Z, and the
possible impedance ratio are limited by the course of
the commutation voltage and the self-impedance of the
commutation switch, which essentially corresponds to
Zi.

The current ip is assumed to be impressed during the
very short commutation period. After successful com-
mutation and until the response of the interruption de-
vice (fuse), the now open switching path of the pyro-
technical switch has to withstand the voltage of the
commutation path (#; in Figure 1), which is deter-
mined by the total fault current iy, which now flows
completely through the impedance Z,. In most
cases the voltage stress is lower than the commutation
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voltage built up previously. The load on the switching
path is therefore estimated as non-critical.

Since there is no further energy input into the arc gap
after the current zero crossing (CZ), the gas tempera-
ture drops over time. The conductivity in the switching
path decreases. Also the contact distance still increases
further. Both processes increase the process of the die-
lectric recovery.

When the switch-off element, corresponding to
Figure 1 a fuse, is tripped, a significant voltage build-
up occurs in the commutation path, which still has to
be withstood by the open switching path of the com-
mutation switch. Any re-ignition of the switching path
in the commutation switch must be prevented in any
case. Therefore, at any time after CZ, the dielectric
strength of the switching path must be higher than the
applied voltage.

The influence of the fuse on the voltage stress on the
switching path of the commutation switch is signifi-
cant. The form of dynamic voltage stress depends on
the choice of fuse, on its response time and switching
characteristics.

If the time characteristic of the switching voltage of the
fuse were known, the qualification of the commutation
switch by means of a synthetic test circuit similar to the
switching capacity test of high-voltage circuit breakers
according to [6] could be applied, for example in the
form of the Weil-Dobke circuit.

To find the optimum combination of impedance ratio,
commutation switch and interruption device,
knowledge of the switching capacity and, above all, the
dynamic dielectric recovery characteristic of the com-
mutation switch is of decisive importance.

The further described investigations do not serve to
evaluate the switching capacity or the dynamic dielec-
tric recovery of this specific switch, but are only in-
tended to present the developed investigation method.

2 Test setup to determine the die-
lectric recovery characteristic

2.1 Method for determining dynamic dielec-
tric recovery characteristic

Different methods are known to record the dielectric
recovery characteristics. A selection is discussed in [7].
The methods differ in the number of recorded measur-
ing points per switch-off operation and in the voltage
load of the switching path after CZ.

For a multiple sampling of the dynamic dielectric re-
covery during a switch-off process, a method using a
saw tooth oscillation generated by a capacitor con-
nected in parallel to the switching path was presented
in [8] (similar to Figure 4). The capacitor is short-cir-
cuited when the switch is closed or the arc resistance is
low. Immediately following CZ, the capacitor is

charged by a DC voltage source with a in series-con-
nected high-impedance charging resistor. If the instan-
taneous value of the voltage applied across the open
contact gap exceeds the present strength, the gap is ig-
nited and the capacitor discharges abruptly. After the
voltage drop, the process of charging starts again. A
typical course of the voltage across the open contacts
is shown in Figure 2. With a sufficiently high density
of sampling points (ignitions of the switching path), an
approximated dynamic dielectric recovery characteris-
tic curve can be derived from the voltage maxima
achieved for each switch-off process.
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Fig.2 Voltage course obtained by the method of [8]
at no-load disconnection to derive the dynamic dielec-
tric recovery characteristic.

Selecting the charging voltage, the charging resistor
and the capacitance parallel to the switching path, the
steepness of voltage rise and thus the possible density
of the sampling points can be adjusted. It should be
noted that with each discharge, energy is introduced
into the switching path again. Any influence on the re-
sidual conductivity of the switching path must be ex-
cluded or minimized, otherwise the recorded character-
istic curve will be distorted according to [7].

For the test arrangement, the maximum voltage stress
of the switching path should be adjustable. It is as-
sumed that the parallel fuse can be a commercial prod-
uct for a nominal system voltage of 400 V or 690 V and
an overvoltage category IV assigned to it. According to
the insulation coordination [9] it is permissible that the
fuse generates a maximum voltage of 8 kV itself. Ac-
cordingly, a power electronic DC voltage source with a
maximum voltage of up to 10 kV was selected.

Due to the fast switching and commutation process by
the pyrotechnical switch within a few 10 ps, a very fast
sampling directly after CZ is preferred. This is
achieved by adjusting the time constant of the RC ele-
ment used. With selectable charging voltages of
Upc £ 10 kV and the aim of a low energy input to the
switching path during each ignition process, the capac-
ity parallel to the switching path must be minimal. In
contrast to other investigations [7] [8], a separate par-
allel capacitor is not used here. Instead, the capacitance



of the RC high-voltage probe, which is arranged in par-
allel to the test object and used to measure the voltage
curve across the switching path, is used. Its input ca-
pacitance corresponds to Cvy; = 3 pF. A high-voltage re-
sistant charging resistor Ryy = 100 kQ is used to limit
the charging current of the DC source and to set the
time constant. This results in a theoretical time constant
of tuy = 0.3 ps for the charging process.

In order to check the applicability of the selected pa-
rameters and to test the circuit, the circuit was built up
and a single pyrotechnic switch was used as the device
under test (DUT). An attempt was made to record a di-
electric recovery characteristic. Since the pyrotechnic
switch was not initially stressed by a current from a
load circuit, the obtained curve in Figure 3 shows the
dielectric strength at no load. After contact separation,
a rapidly repeating sequence of a saw tooth shaped
voltage curve occurs, with an amplitude between
400 V and 500 V. As the contact distance increases, the
voltage maxima are increasing. In the range of approx.
28 us to 35 us, the last breakdown of the switching
path occurs and the voltage applied across the switch-
ing path then rises to approx. 4.6 kV. Due to the high
steepness of the charging current and a low inductance
of the circuit, overshooting occurs. The voltage oscil-
lates following the externally applied charging voltage
of 4 kV, which is permanently maintained by the DUT.
The process of contact movement is not yet complete
at this point. However, the voltage applied is no longer
sufficient to cause a further ignition at the contact po-
sition.

| I

1 1 1 l
0 10 20 30 40
t/us

Fig. 3 Dielectric strength of the pyrotechnic switch
(DUT) in no-load test (no-load characteristic).
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For the last charging processes time constants tay were
determined in the range of 1.2 us to 1.25 ps. The devi-
ation from the previously calculated time constant can
be explained by the equivalent circuit, hereinafter re-
ferred to as the voltage circuit, shown in Figure 4. In
addition to the input capacitance Cv, of the high-volt-
age probe V1, the intrinsic capacitance Cpyr of the open
switching path of the DUT plays a decisive role. With
open contacts 6.3 pF was measured for Cpyr. Other ex-
isting parasitic capacitances are not taken into account.

Fig. 4 Voltage circuit for recording the dynamic die-
lectric recovery characteristic of the DUT.

The DC source was set up locally separate from the test
object for safety reason. To compensate the inductive
influence of the long supply lines and to minimize the
influence of the internal controller of the source, a sup-
porting capacitor with Cspp = 5 nF was used at the in-
put of the DUT and the RC element.

2.2 Experimental setup of the commutation
circuit to obtain the dynamic
dielectric recovery characteristic

The dynamic dielectric recovery characteristic is ob-
tained from the combined loading of the commutation
switch by a commutation process carried out by itself
and the subsequent loading with the test voltage. Cor-
respondingly, the voltage circuit from Figure 4 shown
above is integrated into the circuit in Figure 5.

The test current iusg is injected into the model of the
commutation circuit by a half-sinusoidal generator
(HSG, 50 Hz, Ucharge = 10 kV, I = 15 kA) from an RLC
circuit via a controllable make switch (MS). In the
commutation current path with the current 7, a fixed
substitute impedance Z, is used. The switch-off ele-
ment, which causes the actual voltage stress on the
DUT, is not integrated here. The main current path with
current 1; consists of the voltage circuit (red) described
above and the commutation switch (DUT) to be tested.
A disconnecting switch (DIS) is installed in series to
the DUT as a decoupling element to separate the DUT
from the high current circuit after successful commu-
tation.
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Fig. 5 Equivalent circuit diagram of test arrange-

ment with high current circuit (blue) and voltage circuit
(red).

As shown in Figure 5, essentially variables are rec-
orded to determine the dynamic switching and dielec-
tric recovery characteristics of the DUT. A high voltage
probe V5 is used to measure the total voltage across the
commutation circuit. With the high voltage probe Vi

63



64

the voltage across the DUT during commutation and
during the subsequent dielectric recovery is measured
after CZ. For the measurement of the total current insg
a wide range current transformer 4, is used. The partial
current 7, is measured indirectly by recording the out-
put voltage V3 on a self-built Rogowski coil, which is
characterized by very small geometric dimensions and
a very low self integration. Furthermore, the tripping
signals for the switch under test (DUT) and the discon-
necting switch are recorded. For the recording of the
measured data a digital storage oscilloscope was used.

2.3 Selection of disconnecting switch

With the solutions described in [7] or [8] for determin-
ing the dielectric recovery characteristics at switching
elements (e.g. switches, spark gaps), the test current
from the high current circuit is interrupted. Following
a disconnecting switch is opened to prevent a new cur-
rent flow driven by the high current circuit during a
possible subsequent re-ignition of the clearance be-
tween open contacts. This can be inserted theoretically
at any point of the high current circuit.

In contrast a commutation is induced by the DUT here.
The test current then continues to flow through the
commutation path parallel to the DUT with the imped-
ance Z. In order to avoid a back-commutation the dis-
connector (DIS) must be integrated into the main cur-
rent path according to Figure 5. The required charac-
teristics of the disconnector (DIS) are:

- Minimum current carrying capacity correspond-
ing to the desired test current with a current mag-
nitude of up to 15 kA over a period of 10 ms.

- Low contact resistance and ideally negligible
self-inductance, as otherwise the impedance of
the main circuit Z; is adversely affected. (This re-
sults in a small dimension of the DIS).

- Low variance in time to contact separation with
Atopen < 10 ps for a time-precise decoupling of the
DUT with connected voltage circuit from the re-
maining current circuit directly after CZ.

- The DIS should theoretically only operate after
successful commutation through the DUT, so the
DIS does not need to have any switching capacity.
However, the build-up of the dielectric strength
after triggering should be faster than in the DUT,
as otherwise a proper decoupling from the current
circuit is not obtained.

- According to the installation locations of DUT
and DIS in relation to the voltage circuit (Fig-
ure 5), the DIS must have a very low intrinsic ca-
pacitance Cpis in open condition. This capaci-
tance is via Z connected in parallel to Cpyr and
Cvi and thus influences the time constant gy of
the voltage circuit.

Different options for a disconnector were examined
and evaluated. Electromechanical switchgear showed a
too large variance in time to contact separation and a
too low dielectric strength after no-load opening due to

the comparatively low contact separation velocity.
Mostly large dimensions causes a comparatively high
self-inductance. Triggerable spark gaps with a high ex-
tinguishing capacity influenced the course of the test
current in the main current path and showed disad-
vantages in the dielectric strength after CZ. Extinguish-
ing diodes would be the means of choice, since they
theoretically extinguish automatically in a circuit with-
out external control. However, the available diodes had
too large inherent capacitances so the time constant of
the voltage circuit tyy was increased undesirably.
Based on these considerations, a pyrotechnical switch
of the same design as the test object itself was used as
the DIS in the tests shown here.

A direct current of 5 A was used to trigger the pyro-
technic drive in the DUT and DIS. A programmable
microcontroller was used to provide the trigger signal
and to control the sequence with the HSG at an exact
time. Prior to this, the inherent delay of the used de-
vices were determined. The pyrotechnical switches
showed an average time to contact separation of about
230 ps = 15 ps in no-load operation.

Despite the low variance in time to contact separation,
the following problems arise when controlling the DIS:
For an ideal decoupling of the current circuit to the
DUT, the DIS should open in the instant of CZ. Since
the commutation time varies in an unknown manner
with each operation, even under identical precondi-
tions, it is difficult to determine the time offset of the
command. Probably the greater influence is the vari-
ance in time to contact separation of the used pyrotech-
nical switches. In the worst case, the error in the con-
tact separation is about 30 ps. This is considerable high
with an expected commutation time of a few 10 ps.

If the contact separation of the DIS is too early, a re-
sulting voltage built up will influence the commutation
process. If the DIS is tripped too late, the dielectric
strength in the DUT might be higher. Then a no-load
characteristic of the DIS would be recorded by the volt-
age circuit. To differentiate between the cases that may
occur, it is essential to evaluate the voltage across both
switches. The voltage characteristic curve from the pre-
viously performed no-load tests helps for the evalua-
tion of the measurement.

2.4 Commutation circuit for determining
dielectric recovery characteristic

The main current path is formed by connecting two
identical pyrotechnic switches in series (Figure 5).
Since these are commercial components, the influence
of the switch internal conductor paths is limited. An at-
tempt has been made to keep the effective length and
the resulting impedance Z; of the main current path as
small as possible. For this purpose, a copper connec-
tion module was attached to each of the two open ends,
which is used to contact the main current path with the
circuit and with the auxiliary current path.



As a replacement for the switch-off element, the com-
mutation path contains only a resistance element which
consists of 3 parallel round wires each with a diameter
of d=2mm made of the non-magnetic material
NiCr 80:20. The arrangement of these wires was cho-
sen with regard to the following criteria: The resulting
impedance Z, should be selected close to the imped-
ance of the real switch-off element installed in the fu-
ture (e.g. fuse). Furthermore, the mechanical and ther-
mal loads occurring during the tests must be withstood.

According to the relationship between the time con-
stant of the commutation circuit zeommu and the effect of
the self- and mutual inductances between the main and
commutation current path, it is evident that a better
magnetic coupling can partially compensate the effect
of the self-inductances given in (see 1.2). The two
paths have been moved together as far as possible to
achieve maximum coupling. It is taken into account
that a real switch-off element (e.g. fuse) can still be in-
tegrated in the bypass path without great design effort.

The resistance of the main current path was determined
by measurement with Ry =1,15mQ and that of the
commutation path with R, =22 mQ. The comparably
small inductances could not be measured. Using the ge-
ometries, the self-inductance of the main current path
was estimated to be L; = 100 nH, the self-inductance of
the commutation current path to be L, =250 nH and
the mutual inductance to be M =35 nH.

3 Determination of dielectric re-
covery characteristic

3.1 Description of typical experiments

Following five experiments are presented, each carried
out with the same type of pyrotechnical switch and the
same arrangement. The load current of the commuta-
tion circuit was varied in the range of 2 kA up to 10 kA
with sinusoidal wave shape and frequency of 50 Hz.

The trigger signal to the DUT was set shortly after the
peak of current. A typical course of the measured sig-
nals is shown in Figure 6 and enlarged in time base for
the commutation process in Figure 7 for the experi-
ment #2.

The current distribution between main and commuta-
tion current path is almost solely determined by the
resistance ratio Ri/R; until start of commutation. Com-
mutation is initiated at an instantaneous value of 4 kA
and is successfully completed after 36 pus. Contact
separation of the DIS takes place 3 us before CZ, so
that the latter has a supporting effect for a short time
but with little influence when the current in the main
current path is interrupted. The shape of the voltage
measured at V; across the DUT corresponds to the no-
load characteristic (see Figure 3). The time constant of
the charging pulses was determined to zuy = 1,57 us
and is almost the same as for the no-load characteristic.
It can be assumed that here the dielectric strength of the

DIS corresponds to the character of the measured volt-
age. Thus, the dielectric strength of the switching path
of the DUT should be comparable or higher despite the
previously applied breaking capacity.

The stress of the switching contact gap by the voltage
circuit is withstood successful within approx. 0.4 ms
after CZ. Subsequently, partial drops in the voltage
across the switching gap down to 2.2 kV are detected.
Both the voltage drop and the subsequent charging
characteristic show RC behavior with significantly in-
creased time constant in the range of 7y = 230 ps. This
time constant is not determined by the test circuit. Ra-
ther, an increase in conductivity in the switching gap of
the DUT can be assumed. What causes the change in
conductivity can only be speculated. In any case, this
effect occurred with all pyrotechnical switches under
stress, which realized commutation at high current.
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Fig. 6 Characteristic time courses for experiment #2.
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Fig. 7 Characteristic time courses for experiment #2
enlarged in time base for the commutation process and
following voltage stress by voltage circuit.

3.2 Comparison of measurement results

The recorded time curses are qualitatively the same for
all experiments. In Table 1 the parameters that are de-
cisive for commutation are listed. In addition to the in-
stantaneous value of the total current /, and the com-
mutation time ¢, the charge O converted during the
commutation process and the Joule integral It were
evaluated.

65



66

The product of the charge Q and the electrode drop
voltage is responsible for the heating of the arc root,
whereby the heating promotes thermos-field emission.
Due to the short duration of the commutation of a max-
imum of 46 pus, an adiabatic heating at the root point
can be assumed. The Joule integral /¢ is the extent of
energy converted in the arc column, which is largely
responsible for the ionization of air and for the conduc-
tivity of arc.

Tab.1 Characteristic parameters for the commuta-
tion process in 5 experiments.

Experiment #1 #2 | #3 #4 | #5
Iy / kKA 2 4 7 10 | 10
t/us 296 | 36.0 | 42.9 | 420 | 456
0/As 0.04 | 0.08 | 0.15 | 022 | 0.24
Pt/ kAZs 006 | 022 | 073 | 1.64 | 1.77

Basically, it can be assumed that with an increasing
flowed charge Q or a higher converted Joule integral
Pt, the conditions for rapid dielectric recovery after CZ
deteriorate, since higher residual conductivity in the
switching gap can be assumed. For this purpose, the
determined dynamic dielectric recovery characteristics
for the tests 1 to 5 are shown in Figure 8. Contrary to
expectations, the characteristics are close together de-
spite the significantly different energy conversion. It
can therefore be assumed that the energy conversion in
the examined current range has no significant influ-
ence. The dielectric recovery characteristics are only
determined by the repeated partial re-ignition of the
switching gap starting in the range of 0.3 ms to 0.6 ms
after successful commutation.

4
7|
3 .
—— #1(2.0kA)
% - #2 (4.0 kA)
52 | —— #3(6.0kA) [
= { —— #4 (9.6 kA)
e - —— #5 (9.6 kA)
1
0

0 1 2 3 4 5 6 7 8 9 10 1M
t/ ms

Fig. 8 Derived dynamic dielectric recovery charac-
teristics for the examined pyrotechnic switch under
various load currents.

For setting up a model for simulate the commutation
behaviour the evaluation of the arc voltage, which is
built up by the commutation switch as a function of
time and the current to be commutated, would be inter-
esting. For practical reasons of contacting the high-
voltage probe above the device under test, however,
voltages over the conductor path of the switch and ad-
ditional magnetic couplings into the measuring loop
[10] are partially measured. Therefore the actual arc
voltage was calculated from the measured currents and

impedances, derived from the geometry and material
parameters. The calculation method will not be dis-
cussed further here.

With the help of the measuring arrangement presented
here, it is basically possible to investigate and charac-
terize the behavior of the commutation switch based on
pyrotechnical drive. The relationships obtained with
the aid of the measurements can be used as a basis and
comparison for a possible physical modelling of a py-
rotechnical switch for commutation processes.

4  Summary

This paper presents an experimental method which al-
lows the recording of the dielectric recovery character-
istic of a pyrotechnical fast acting switch for commu-
tation circuits. For this purpose, an electrically equiva-
lent network without a switch-off element was installed
in a specifically adapted synthetic test circuit and
stressed with currents of up to 10 kA. From the mo-
ment of successful commutation the dynamic dielectric
recovery characteristic was recorded using a saw tooth
shaped voltage curve with amplitudes up to 4 kV.

With the verification of the switching capacity required
for commutation and the derived dynamic dielectric re-
covery characteristic, an optimally adapted switch-off
element can be selected for the final implementation of
an overcurrent protection device based on the commu-
tation principle.

In case of searching for a suitable fuse as a switch-off
element its characteristic behavior must be determined
first. Comparatively high current amplitudes with high
steepness are commutated into the fuse before current
limitation. The delayed tripping behaviour of the fuse
after commutation and the subsequent voltage build-up
over time must be known. Corresponding investiga-
tions were carried out and will be presented in a later
publication.

For the selection of the pyrotechnical switch, a suitable
fuse and the determination of the optimum impedance
ratio, an electrical network model is available which
simulates the characteristic behaviour of the commuta-
tion switch with pyrotechnical drive and the fuse as a
switch-off element.

The resulting solutions based on the commutation prin-
ciple with a commutation switch with pyrotechnical
drive can be used in both AC and DC networks. De-
pending on the speed of fault detection, the prospective
short-circuit current can be significantly higher than
the 10 kA examined here.
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Abstract

DC interruption is more difficult than AC interruption even at DC low voltage. So, magnetic blow-out is
usually used to quickly extinguish arc discharge. However, magnetic blow-out is less effective at low current so,
the arc duration becomes the maximum at lower current called “critical load current”. In the previous paper, this
phenomenon was examined in the current range of 1 to 30 A with the source voltage of DC 100 V and at the
magnetic flux density of 0, 5 and 10 mT with the breaking velocity of 100 mm/s.

In this report the above phenomenon is examined at the breaking speed of 25, 50 and 100 mm/s with the
magnetic flux density of 10 mT and the same voltage and current conditions as the previous report.

Consequently, the same phenomenon of maximum arc duration at lower current is found at three velocities. In
addition arc energy is examined and Lorentz force working on arc column is discussed

Keywords— electrical contacts, arc discharge, arc duration, arc energy, magnetic blow-out, separation velocity

1 Introduction

Micro-grid systems including solar cell generation and
EV are expected to be more popular and DC power
supply systems are increasing in near future. In these
systems it is indispensable to switch on or off current.
However, it is well-known that switching-off dc
current is more difficult than ac [1]. Therefore,
switching in hydrogen atmosphere and /or magnetic
blow-out are effective and widely used [2].

Magnetic blow-out has been used in large ac current
switching and its effectiveness is well-known.
Recently many papers have been published to show the
effect of magnetic blow-out in large dc current
interruption [3-8].

The authors have reported the effect of magnetic blow-
out for dc current up to 30A and voltage less than 500
V [9,10]. In these researches arc duration at small
current interruption was confirmed to be longer than
that at large current interruption [9]. That is supposed
to be because Lorentz force decreases at small current.
In this paper the arc duration is investigated at the
current range from 1 to 30A and the separation velocity
of 25, 50 and 100 mm/s with the source voltage of 100
V and the magnetic flux density of 10 mT.
Consequently, the arc duration is confirmed to increase
at the current less than 20A at each velocity of 25, 50
and 100 mm/s for both contacts of Ag and W.

2 Experimental setup

Figure 1 shows the top view of an experimental set-up
used in this test. The contacts move horizontally, and a

magnet is put above those. Figure 2 shows the
configuration of the magnet and contacts and the
relation between their distance and magnetic flux
density. Three curves in the figure show the magnetic
flux density at the center, its right-hand edge and its left
hand edge of the magnet, respectively. They are
confirmed to be almost the same value in the case of 10
mT.

An experimental circuit is resistive as shown in Figure
3. Table 1 shows experimental conditions. Silver and

Actuator

’ I .; i
Fig.1 Switching setup and blow-out magnet.

Table 1 Experimental conditions.

Source voltage DC 100V
Closed circuit current 30,20, 10,5,3,1A
Load Non-inductive resistor (50 )
Contact materials W, Ag
Separation velocity 25, 50, 100 mm/s
Magnetic flux density 10 mT
Measurement number 5 times at each current
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Fig.4 An example of arc voltage and current
waveform.

tungsten are used as contact materials, and the
separation velocity is 25, 50 and 100mm/s with the
magnetic flux density of 10 mT. Contact voltage and
current waveforms are measured by an oscilloscope
GW Instek GDS-3502 and current probe Tektronix
A6303. The arc behavior at breaking contacts is
observed by a high-speed camera. A typical waveform
of arc voltage and current is shown in Figure 4 and the
arc duration is obtained.

3 Results and discussion

3.1 Arc duration and arc energy

o

(] 5 10 15 20 25 30 35
Interrupted current I [A]

Fig.6 Comparison of arc duration at the

3 velocity of 100mm/s (Ag).
5
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& 25 H
= P\.q
£ 20 \
<
g 15 f \
=
2 AN
< 10
5
o I |

o

5 10 15 20 25 30 35
Interrupted current I, [A]
Fig.7 Comparison of arc duration at the
velocity of 100mm/s (W).

Figure 5 shows the relation between arc duration and
interrupted current at the separation speed of 50 mm/s
and the magnetic flux density of 10 mT for Ag contacts.
Error bars show maximum and minimum duration
among five measurements, Arc duration is found to
increase as the interruption current decreases. This
result is compared with the previous one at the
separation speed of 100 mm/s [16] as shown in Figure
6. From this figure the arc duration at 50 mm/s is longer
than that at 100 mm/s, but both are similar for the
increase of arc duration at small current. And the arc
duration becomes less than 1 ms at the current of 0.5A
which is close to the minimum arc current of 0.4A for
Ag contacts. The results for W contacts are shown in
Figure 7.
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Further, though the arc duration at 50 mm/s is generally
longer than that at 100mm/s, both durations are almost
the same at the current of around 10-15 A for Ag
contacts. In addition, based on the data of arc voltage
and current, arc energy can be calculated by the
following equation;

E, = [v,idt (1)
0

arc voltage, I arc

where Vv, : B

: arc current, T, :

duration.

Figure 8 shows arc energy vs. interrupted current with
10 mT and 100 mm/s for Ag and W contacts. From this
result, though the arc duration is longer at small current,
arc energy goes up with current increase for Ag and W
contacts at the separation speed of 100 mm/s. However,
the situation is different at lower velocities as
mentioned later.

3.2 Effect of separation velocity on arc
behaviours

Figure 9 shows the arc duration of three velocities
where the result at 25mm/s is added to Fig.6. As
expected, the arc duration at 25 mm/s becomes more
longer, and it rapidly goes down around 0.1 A. The
velocity of 25 mm/s is one-fourth of 100 mm/s and the

0 5 10 15 20 25 30 35
Interrupted current I, [A]
Fig.11 Dependence of arc energy on
separation velocity (Ag, 10mT).
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Fig.12 Dependence of arc energy on
separation velocity (W, 10mT).

arc duration becomes three or four times as long as that
at 100 mm/s.

Figure 10 shows the dependency of arc duration for W
contacts on the separation velocity. The velocity
dependency is not large at the current above 20 A,
while it becomes large below 20A The arc duration at
25 mm/s is almost four times as long as that at 100
mm/s.

Then the dependency of arc energy on separation
velocity is examined. Figures 11 and 12 show the
dependency for Ag and W contacts, respectively. From
these results, the maximum energy of the separation
velocity of 25 mm/s is shown at the current less than
30 A for both contact materials. This fact is important
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for design and usage of switching devices for dc
current.

On the other hand, the arc energy increases as the
current goes up at both velocities of 50 and 100 mm/s
for both contact materials. Moreover, for Ag contacts
the difference in energy at each velocity of 50 and 100
mm/s is small.

3.3. Lorentz force

Above results show that arc duration increases at low
current for all separation velocities. The reason is
discussed here. Figure 13 shows waveforms of arc
voltage and current for both currents. One is for 10 A
where the arc duration is long and the other is for 20A
where it is shorter than that at 10 A. Its bottom
waveform shows that the arc voltage rapidly increases
around 5 ms and that the arc is extinguished around the
time of 7 ms. On the other hand the arc voltage
gradually increases, but it is not extinguished even over
10ms. Eventually the arc duration reaches 11 ms.

In case of 20 A, the current where the arc voltage
rapidly increases is about 15 A. On the other hand, in
case of 10 A, the voltage waveform goes up a little
when the arc current decreases to around 7.5 A, but the
arc voltage does not rapidly increase and the arc is
sustained until 11 ms.
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Fig.14 A model of Lorentz force working on
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Fig.15 Time dependence of Lorentz force during arc ignition.

With magnetic blow-out, arc column is pulled out by
Lorentz force which is generated by the interaction of
current and magnetic flux density. Then arc column
becomes longer and arc quickly disappears.

The Lorentz force works on the arc column as shown
in Figurel4, and can be calculated by the following

equation.
F=(i,xBY, @)
where i, : arc current, B: magnetic flux density, £ :

arc length.

The arc length is calculated by separation speed
multiplied by time. The Lorentz force working on arc
column is calculated by Equation (2), and its time
dependence is shown in Figure 15. In this figure solid
line is for the current of 10 A and dashed line for 20 A.

From this figure, in case of 20 A, the arc column is
pulled out of the gap at the time of 4.5 ms, that is, at
the Lorentz force of about 0.065 mN and the arc rapidly
increases in voltage to disappear. The arc duration is
about 7 ms.

In case of 10 A, the arc column seems to be pulled out
at the time of 4.5 ms, that is, at the Lorentz force of
around 0.02 mN, and gradually increases without rapid
increase. Finally the Lorentz force goes up at 0.055 mN
and the arc rapidly increases in voltage to disappear.

Lorentz force [mN]
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Its duration is about 11 ms which is  &em
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much longer than that of 20 A. 140,00

In both cases of 10 and 20 A, the arc
column is pulled out of the gap at the
time of around 4.5 ms, and afterward it ¢y
becomes like circular in shape as
shown in Figurel6. So, the calculation
of Lorentz force becomes more
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complicated as discussed later. ~20.000 -
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Figure 16 shows the relation between
arc voltage and arc column image as a
function of time for 10 A. The arc
column stays in the gap until 4ms and
is pulled out from the gap at about 5
ms. Then, the arc column is not quickly
enlarged in length and finally rapidly

-2.902664

enlarged around 10 ms to disappear. In Fig.16 Arc images and Time _depgndence of Lorentz force
addition, the arc voltage is observed to during arc ignition.
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Figure 17 shows the case of 20 A. The . [2.000ms/div]
arc column stays in the gap until about i NS ————
4ms and is pulled out around 5 ms -
similar to the case of 10 A. However, v

the arc column is found to be rapidly
enlarged just after pulled out, different
from the case of 10 A. So, the arc

-20.000

duration is about 6 ms much shorter  no.0000 3285760 ' (s] 60
than 10 ms of 10 A.

Magnetic blow-out is effective to

shorten the arc curation. The above d‘a'ﬂ"'

results show that the arc column is

pulled out at about 5ms for both

currents of 10 and 20 A. However, the Fig.17 Arc images and Time dependence of Lorentz force

Lorentz force is 0.035 mN for 10 A and
0.07 mN for 20 A. There is no common
threshold value of the Lorentz force
above which the arc column is pulled out for different
current. The conditions for the arc column to be pulled
out should be discussed in more detail.

As mentioned just before, when the arc column is
pulled out of the gap, the shape is like circular as shown
in Figure 18(a). The arc column is pulled out and both
cathode and anode spots are also moved from the
contact gap. So, the calculation of Lorentz force
become more complicated.

Then, the Lorentz force is calculated, based on a
simplified model of the arc column as shown in Figure
18(b), where the arc column is approximated to be a
semicircle of the radius r. Lorentz force working on a
minute length on the circle is expressed as follows;

AF, = (ix B)rA0O (3)
The component of y-direction (upward) is as follows;
AF,, =iBrA@sin 6 “4)

during arc ignition (20A).

i o

f

l

Anode Cathode

(a) Pulled-out column

Anode Cathode
(b) A circular model

Fig. 18 A model for calculation



Then, the total y-direction force on the semicircle (pull-
up force) is calculated as follows;

F, = [ iBrsin6d0 = iB2r 5)

Here, 2r is equal to the length projected on x-axis of
the semicircle, which is longer thang the gap length.
Therefore, Lorentz force calculated by Equation (2) is
smaller than that by Equation (5).

It means that Lorentz force after the arc column is
pulled out has to be more accurately calculated, that is,
after the time of 4.5 ms in Fig.15. This is one of future
issues.

4 Conclusions

In this paper, the fundamental behaviour of breaking
arc is investigated at the source voltage of 100 V and
the current range from 1 to 10 A with the separation
velocities of 25, 50 and 100 mm/s for the magnetic
intensity of 10mT. From measured voltage and current
waveforms arc duration and energy are obtained, and
the followings can be made clear;

(a) For both Ag and W, the arc duration becomes longer
at smaller current at all velocities of 25, 50 and 100
mm/s, like the previous report.

(b) As expected, the arc duration is longer at low
velocity than that at high velocity, and the maximum
duration at each velocity is almost in inverse
proportion to the velocity.

(c) For both velocities of 50 and 100 mm/s, arc energy
decreases as the current goes down, though the arc
duration has a maximum at lower current than 30 A.
On the other hand, for 25 mm/s the maximum energy
appears at the current less than 30 A

(d) The force which pulls out arc column seems to be
Lorentz force. However, the arc is not pulled out at
the same Lorentz force for different current. In this
test the arc column is pulled out of the gap at almost
the same arc time, about 5ms for 10 and 20 A. But the
arc column is not rapidly enlarged for 10 A and its arc
duration is longer than that of 20 A.

It is a future issue to make a model that explains in
terms of Lorentz force why arc duration becomes
longer at small current. Further there is another thoery
of the effect of magnetic flux density on arc extinction
[11]. It should be considred for future discussion.
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Abstract

The spectral characteristics of switching DC-current arcs in hydrogen containing gas mixtures under several bar
pressure was investigated using a model chamber and optical emission spectroscopy. The switching device consists
of a model of a real double breaker DC-contactor with copper contacts. High-speed imaging and spectroscopy
permit to observe and to characterize the properties of the switching arc plasma. The experiments show the influ-
ence of the external magnetic fields on the resulting arc voltage and on the current-limiting performance of the
switching device. Strong widened H-alpha and H-beta lines characterize the arc-plasma.

1 Introduction
1.1 General considerations

The market for fully hybrid and most recently for fully
electrically driven cars has been growing considerably
during the last ten years.

The consequently enhancing of battery power, current
rating and voltage both, demands switching devices ca-
pable of withstand the higher switching conditions re-
garding cycles and operations number as well as cur-
rent interrupting capability.

To comply this task, gas filled contactors — GFC are the
usual alternative, since they have a high reliability, are
compact and provide enough current limiting perfor-
mance. To this regard have shown Shiba, Kaneko and
co-workers [1] results regarding DC- switching de-
vices using Ha/N,. Their work indicates that this gas
mixture, especially in the proportion of 80% H, to 20%
N, provides a higher electric strength and shorter arc-
ing times compared to air at the same filling pressure
(1 bar). In addition, the combined effect of the Ho/N»
mixture and magnetic arc blowing reduces further the
arcing time.

Sawa, Suzuki and co-workers [2], investigated the ef-
fect of pressure and working gas on the switching be-
haviour of GFC. They considered H», N», He, and air
setting working pressures between 0.5 bar and 4 bar.
Their analysis of resulting arc voltage, current charac-
teristics, and arcing time for 100 V and 30 A DC relays
indicates that shorter arcing times shall be obtained us-
ing H». Longer times were observed using N», air, and
He, respectively. In particular, the arcing time using He
was up to 7 times longer than with H,. They found also
out, that the arc duration was inversely proportional to

the working pressure. The influence of pressure was
much more evident for arc currents higher than 20 A
independently of filling gas.

According to Eidinger and Rieder [3] the interaction of
electric arcs with external magnetic fields regarding its
application for arc extinction have been considered
since 1879. In particular, the elongation and displace-
ment of the arc due to resulting Lorentz-forces are the
most evident and used effects of the interaction.

The advantages of magnetic blowing were reported by
Schrank, Gerdinand and co-workers [4] through inves-
tigations using DC circuit breakers with operating volt-
ages around 330 V DC in air. Also results of Volm [5]
point to the enhancing of switching performance for
1000 V and 40 A air relays through magnetic blowing
combined with out-gassing from polymer inserts.

In addition to the reported changes of geometry and arc
displacement because of external magnetic fields, also
changes on the electric conductivity of the plasma can
be expected. [6], which is caused by the increased num-
ber of collisions of the ions in the presence of the ex-
ternal magnetic fields.

Recent results of simulations of Shea and co-workers
[7] have shown that the voltage increase is supported
by an enhanced cooling effect through the mass-flux
perturbations induced by the interaction with the exter-
nal magnetic field. The increased convective energy
losses over the arc column cause a reduction of the arc
temperature and consequently a further reduction of the
electrical conductivity of the plasma.

1.2 Intended work

The purpose of the investigation reported here was to
characterize switching arcs of gas-filling contactors us-
ing Ho/N, mixture. The main topics of interest were to



observe the arc dynamics under the combined influ-
ence of pressure and external magnetic field, the result-
ing arc geometry and the characteristic spectral distri-
bution and species in order to determine plasma prop-
erties like temperature and radial distribution.

2 Methodology
2.1 Experimental setup

The observation of the characteristics of switching arcs
in gas-filled contactors is limited by the required hous-
ing. Especially the use of H, as filling gas demands
gas-tight vessels. These are normally made of non-
transparent alumina ceramics surrounded by a polymer
casing, which supports the magnets and further con-
necting parts, provides fixing terminals and allows for
mechanical protection against shocks. In order to pro-
vide an optical access to the contacts and switching
chamber it is mandatory to modify the standard casing
but this poses additional challenges for a gas-tight op-
eration. In addition, the replacement of some compo-
nents would be limited.

For an optical access to the arc-chamber it was there-
fore decided to construct a model switch (Fig. 1) using
a polymethyl methacrylate (PMMA) housing. It repli-
cates the geometry of the real device. Since all the ad-
ditional parts, including the mechanics, are those of the
real device the model switch shall perform exactly as
the real application.

Besides the obtained optical access for a high-speed
imaging, the used PMMA provides good transmission
properties in the visible and near infrared wavelength
range, which makes possible to apply optical emission
spectroscopy (OES) to study the properties of the arc
plasma.

Filling-gas
port

fixed contacts

’ i pressure-sensor

Fig. 1

CAD-schematic of the model switch

Further characteristics of the experimental setup are as
follows: The contact-bridge and fixed contacts are

made of copper. A 12 V DC solenoid exerts the bridge
translation (travel and over-travel). The internal vol-
ume of the arc chamber is about 20 cm®. The con-
structed device is gas-tight and withstands filling pres-
sures of up to 7 bar. The filling gas was a mixture of
H2/N; in a proportion of 80 to 20 % and purity of 5.0.
In order to convert the arc current and voltage signals
to measurable values, a Pearson 1423 current monitor
and a Tektronix 6015A voltage probe were used, re-
spectively. In addition, the dynamic change of pressure
inside the chamber during arcing was measured via a
piezoelectric sensor model PCB 105C. The reduced
electrical signals were then acquired with a Tektronix
oscilloscope model DPO 4054. The experimental setup
is depicted in Fig. 2.

For the experiments, we set a pressure of 5 bar for the
filling gas. Before filling prior experiments, the re-
maining air inside the model chamber was drained by
a membrane pump until the pressure reached 150 mbar.
Through filling to the intended pressure (5 bar) and re-
drain three consecutive times, it was expected than no
important amount of remaining air would affect the ex-
perimental results (max. 150 mbar out of 5 bar). To
prevent possible influence of gas contamination due to
interaction between arc and PMMA wall, the filling gas
was regularly changed.

2.2 DC-Current source

The current source consist of 10 CL-groups connected
in a transmissions line like configuration (Fig. 2). The
delivered current pulse has an almost rectangular
shape. Depending on the value of the individual induc-
tivities, the pulse duration varies from about 5 ms up to
28 ms. According to the selected charging voltage it is
possible to deliver currents up to 10 kA.
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Fig. 2 Schematics of experimental setup

The experimental results presented in this paper were
obtained using the configuration for the 28 ms-pulse
and charging voltages of 500 V. The amplitude of the
corresponding current was of 80 A. Since the circuit
configuration of the 28 ms-pulse involves a relative
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high effective inductivity of 64 mH, the used currents
show a near impressed nature.

2.3 Spectroscopy and high-speed imaging

The spectral distribution of the arc radiation was firstly
determined with a compact fibre spectrometer
(AvaSpec-ULS2048), working in the wavelength range
from 300 to 1000 nm with a temporal resolution of 1-
2 ms. For further experiments an imaging 1/2 m spec-
trometer (Roper Acton) combined with a PI-Max4
ICCD-camera (Princeton Instruments) was used. The
line of sight of the spectrometers was oriented nearly
along the same line of view as the cameras and perpen-
dicular to the selected field-of-view (upper side of
Fig. 2). The absolute intensity calibration of the spec-
trometer detector was performed by means of a tung-
sten strip lamp (OSRAM Wi 17/G) in units of spectral
radiance. The dynamic behaviour of the arc was rec-
orded using high-speed cameras of the series Y4 and
Y6 from Integrated Design Tools. The sampling rates
were set to 3900 fps (Y6) and 5000 fps (Y4). The ex-
posure time was of 1 ps. In some experiments, metal
interference filters (MIF) with a full width at half max-
imum - FWHM of about 10 nm for the H alpha line at
656 nm and for the Cu-line at 525 nm were placed in
front of the lenses of the high-speed cameras.

3 Results and discussion
3.1 Dynamic characteristic of the Arc

Due to the combined influence of pressure and mag-
netic field shows the arc a highly arbitrary and dynamic
behaviour. In particular, a comparison of images of the
arc with (Fig. 3 left) and without (Fig. 3 right) external
magnetic field indicates the strong influence of the arc
field interaction.

As Fig. 3 (right) shows, without external magnetic
field the self-induced Lorentz-force acts just enhancing
the radius of the arc-loop, which is limited by the vessel
walls. Electrode effects at the arc roots appear to dom-
inate the arc-geometry so that plasma jets of the arc-
root at the contact-bridge and fixed contact would im-
pinge directly the wall.

With the external magnetic field, the resulting Lorentz-
force acts in different directions, interacting with the
arc in a more dynamic way.

The Fig. 3 (left) presents a remarkably example of the
interaction. The arc is being elongated and twisted sev-
eral times, occupying a higher part of the available vol-
ume in the vessel.

3.2 Electric arc behaviour

In order to evaluate the corresponding switching per-
formance for a given condition, we defined an arcing
time and an arc-extinction-time (Fig. 4).

L fixed electrode |—A
1

chamber walls chamber walls

Fig.3 Images of the arc with (left) and without
(right) external magnetic field. High-speed camera ex-
posure time 1 ps, 3900 fps.
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Fig. 4 Example of recorded current, arc-voltage and
pressure signals from a switching operation.

The arcing time considers the elapsed time between the
first contact opening and the arc extinction. The arc-
extinction-time is the elapsed time during which the
combined effects of elongation, due to Lorentz-forces,
and turbulent convective gas flow inside the arc cham-
ber cause a considerable voltage increase. During this
time, the arc shows a strong oscillating behaviour,
which is also reflected on abrupt changes of the voltage
signal. From several measurements a mean value of
arc-extinction time around 2 ms for the 80 A arc was
determined.

Because of the highly dynamic behaviour, it is also
possible that the arc will be driven to the region near
the gap so that its length will be shortened again. Due
to the shorter length, the arc voltage reduces suddenly
to values of some 50 V, comparable to those during ig-
nition. This interrupts temporally the current limiting
behaviour of the device. Since the arc current is limited
and driven to zero, its extinction usually occurs before
the capacities of the current source are fully dis-
charged. The voltage signal remains thus at a level
greater than zero until the grounding system is acti-
vated.

The trend of the pressure rising corresponds to that of
the arc-voltage and is defined by the arc-extinction-
time. At the beginning of the switching processes, no



considerable pressure changes are observed. The in-
crease on pressure starts only after the arc voltage rises
considerably. This indicates that a considerable volume
gas heating requires that the arc reach a certain length.
After current zero the pressure decays slowly, since the
cool-down process of the heated gas occurs through
convection.

3.3 Arc spectrum

In order to overcome the difficulties posed by the dy-
namic behaviour of the arc, experiments using OES to
complement the high-speed imaging were necessary.
This permits to obtain images providing the actual ge-
ometry of the arc together with the corresponding spec-
tral distribution. A characteristic overview spectrum of
the 80 A arc is presented in Fig. 5. It was acquired with
the fibre spectrometer, i.e. without spatial resolution
and integrating over rather long exposure time.
Strongly broadened Ho (656 nm) and Hp (486 nm)
lines dominate the spectrum.
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Fig. 5 Spectral distribution of the switching 80 A arc
in Hy/Na.

In order to override the effect of the intense atomic hy-
drogen lines, the detector of the spectrometer was also
operated with over-exposition (Fig. 6). As a result, the
Hy line as well as further species of nitrogen from the
filling gas and copper from the electrodes could be ob-
served. In addition, several lines indicating carbon and
oxygen atomic species in the plasma were detected,
too. They result from ablative arc processes on the
PMMA walls as well as on the additional polymer sup-
porting components of the device. Since for real de-
vices no ablative arc-wall interaction is expected, an
extrapolation of the obtained plasma properties to real
devices is only partially valid.

3.4 Plasma properties

The overview spectra indicates that the optical emis-
sion is dominated by the atomic lines of hydrogen alt-
hough other components were found as nitrogen from
the filling gas, copper from the electrodes, and carbon

and oxygen from the camber wall. The obtained spec-
tral distributions of the arc were further evaluated by
imaging spectroscopy to obtain information of the
plasma properties. Since the main interest refers to the
plasma of the filling gas, we used the high-speed im-
ages to select the spectra of the cases in which the arc
was burning far from the chamber walls but not directly
between the electrodes. Fig. 7 shows an example of (a)
the selected video camera image and (d) the corre-
sponding calibrated 2D-spectrum in the wavelength
range around the atomic hydrogen lines Hp and Hy. In
Fig. 7d also the contours of the electrodes were marked
as well as the line of spectral observation that was fo-
cused onto the entrance slit of the spectrometer, i.e. the
spatial dimension of the imaging spectrum.
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Fig. 6 Spectral distribution of the switching 80 A arc
in Ho/N» overriding the effect of the Hq line.

For the determination of the plasma properties, the Hp
line at 486 nm was used. While spatial integration over
the arc diameter mainly yields a spectral radiance with
improved signal-to-noise ratio (Fig. 7b), the spectral
integration over the Hp line (Fig. 7¢) provides the line
integral for each side-on position that can be used to
obtain the emission coefficient for this line. Therefore,
inverse Abel transformation has to be carried out to
convert side-on intensities to radial intensities. This
procedure demands rotational symmetry of the arc.
While in many applications with more or less “stable”
arcs such a symmetry can be assumed, moving arcs,
e.g. driven by magnetic forces, usually show a distinct
deviation from rotational symmetry: One side has a
steeper edge due to these forces while the opposite side
is characterized by a wider profile. In Fig. 8a, the side-
on line integrals of Fig. 7c are shown in detail together
with two cases: On the one hand, the fit was carried out
for the right, smaller and steeper side (red, dotted). On
the other hand, an average of both sides was consid-
ered, covering the whole width of the arc (blue,
dashed). The according emission coefficients obtained
by inverse Abel transformation are given in Fig. 8b.

Using the computed plasma composition with a self-
programmed algorithm for a 5 bar H»/N, mixture and
assuming local thermodynamic equilibrium (LTE) per-
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mits to obtain the Hp line emission coefficient depend-
ing on the temperature based on NIST transition prob-
abilities. Finally, comparison of measured and calcu-
lated emission coefficients gives the radial distribution
of the arc temperature (Fig. 9). The two curves for the
right and the both sides are not a sign of disagreement
but should be regarded as a measure of the parameter
range for the “real” temperature distribution inside the
arc column. The central temperature is around
15000 K and decreases to 10 000 K within only 1-
2 mm and to 8 000 K within about 3 mm. This strongly
indicates a rather narrow arc cross section with temper-
atures that are high enough for significant contribution
to the electrical conductivity of the arc. The used gas
mixture and pressure causes strong constriction of the
arc that is enhanced by the magnetic forces and fast
movement. Comparing this result with the correspond-
ing values of voltage and considering the obtained re-
sults for other intervals of time, it becomes clear that
the arc elongation is not the only one effect responsible
for the increase of the voltage. The relatively low con-
ductivity due to moderate arc core temperature and
small arc diameter must be considered.
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Fig. 7 a) 2D spectrum for a 80 A switching arc in
H»/N> mixture by 5 bar, b) spatially integrated radi-
ance, c) spectrally integrated radiance of the Hg-line, d)
high-speed image of the arc corresponding to the ac-
quisition time of the spectrum along the line of sight
between fixed contact and contact bridge.

Whereas the above analysis was carried out for spectra
that are dominated by the emission of hydrogen atoms,
it should be mentioned that in some cases completely
different spectra were observed. In particular, for the
instants were the arc nears the chamber walls (Fig. 10),
the Hp (486 nm) and eventually the Hy (434 nm) line
emission is superimposed by the much stronger pattern
of the Swan bands. This band structure is emitted by C
molecules and characterized by an increase towards

higher wavelengths with a maximum and abrupt de-
crease of intensity at the band-heads at 438.2 nm,
473.7 nm, 516.5 nm, and 563.6 nm. The Swan bands
have been widely investigated by laser-induced optical
breakdown spectroscopy (LIBS) of graphite targets
[10,11] and can be applied to estimate (rotational) tem-
peratures of the gas by comparison with spectra simu-
lation. Recently it could be shown that both optical
emission as well as absorption spectra of high-current
arcs with strong wall erosion can be dominated by
Swan band structures, depending on the energy input
and gas flow [12]. In the example shown in Fig. 10, the
arc profiles with Swan bands emission were found to
be much broader than for the hydrogen-dominated
arcs.
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Fig. 8 a) Spectrally integrated radiance of the Hp-
line 486 nm and fits for the right of the arc (red, dotted)
and both sides (blue, dashed), b) Corresponding emis-
sion coefficient profiles after Abel inversion.
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Fig. 9 Determined temperature profiles for the two
fits introduced in Fig. 8 for the 80 A switching arc in
H2/N, mixture by 5 bar.

The radial profile of the arc temperature cannot be de-
termined yet due to necessity of two-dimensional in-
verse Abel transformation and limitations by signal-to-
noise ratio. However, from the spectra it can be as-
sumed that the core temperatures probably will be
lower. Estimations concerning the electrical conductiv-
ity lack of composition calculation for this plasma.
Here, the production of different carbon-containing
molecules like C3, C4 that are known to be responsible
for the C, production by photo defragmentation [10]



have to be taken into consideration as well as oxygen-
containing molecules, atoms, and ions.
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Fig. 10 Spatially integrated radiance profile for the
80 A switching arc in Ho/N» by 5 bar showing the typ-
ical spectral profile of Swan bands.

4 Summary

The radiative characteristic of DC switching arcs in
H»/N, mixtures by 5 bar filling pressure in a switch
model was investigated.

In order to allow for the observation of the arc dynam-
ics and for the determination of the arc spectrum a con-
tainment of the filling gas for the model switch was re-
alized using a PMMA chamber.

The spectrum of the switching arc in Ho/N, mixtures
by 5 bar filling pressure shows dominating atomic line
emission of hydrogen. The temperature profile for the
80 A arc by 5 bar was determined using imaging spec-
troscopy around the Hp line at 486 nm. Narrow profiles
with central temperatures of about 15 000 K and a de-
crease to 10 000 K within 1-2 mm were obtained. This
strongly indicates a rather narrow arc cross section
with temperatures that are high enough for significant
contribution to the electrical conductivity of the arc.
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Abstract

Magnetic field measurements performed on a circuit breaker in order to study the switching arc processes are
presented. Characteristic for these measurements is the spatial two-dimensional recording of the magnetic field
with simultaneous high temporal resolution. A sensor head was developed for this purpose, which records the
magnetic flux density in an area of 42 mm x 60 mm with a spatial resolution of 12 x 24 measuring points. A highly
integrated sensor chip based on the Hall effect was used for the design. The configurability of this sensor chip
makes it possible to adapt the time resolution to the measurement task, always in compromise with the amplitude
resolution and the number of field components to be measured. Measurements with a sampling rate of 80 kHz
were conducted. Also, with the sampling rate reduced to 25 kHz, three axis measurements could be performed. By
combining two sensor heads into one measuring system, it was possible to perform simultaneous measurements at
the two contacts of a low-voltage circuit breaker with double breaker. As a result, both slow and fast changes in
the magnetic field caused by the arcing process were recorded and visualized. The changes in the field distribution
measured with the two sensor heads correlated well with the respective arc voltage. With the help of such magnetic
field measurements, study of the arcing processes in low-voltage switchgear should be made possible without
interference of the arc itself.

Such modifications to the laboratory samples make it
impossible to rule out influences on the arcing behav-
iour. Especially the application of other materials in the
switching chamber can in turn influence the arcing pro-
cess. For example, the different gas emission charac-
teristics of the transparent material introduced can
change the flow and pressure conditions inside the
chamber and thus the behaviour of the arc.

1 Introduction

Continuous development is required in the field of
switchgears. The increasing demands of current and fu-
ture electrical distribution grids are driving this devel-
opment. To be mentioned here are the change from a
purely unidirectional to a bidirectional supply struc-
ture, the increasing spread of direct current networks or
the use of new storage technologies. Continuous im- 2
provement of the performance of protective devices
such as low-voltage circuit breakers is essential to en-
sure that they meet upcoming challenges. The arc be-
haviour during the switching operation is crucial for
the switching performance of a breaker. By modifying
the contacts and the breaking chamber, the arc behav-
iour can be optimized.

Literature on Magnetic
Switchgear Diagnosis

With magnetic field measurements, it is possible to test
switching devices without influencing the switching
behaviour itself. Blaise Pascal University in France
published work on this subject between 1990 and 2008.
Three different concepts were presented. First, they
presented a method called "Magnetic Camera" [3] [4]

The use of a high-speed optical camera enables obser- [5]. Based on a simplified model switch, up to 88

vation of the arc during a switching process lasting
only a few milliseconds. This diagnosis method re-
quires an optical access into the breaking chamber.
Since low-voltage circuit breakers are usually designed
with a moulded case, modifications are necessary to
gain optical access. Therefore special laboratory sam-
ples are used with housings that are transparent, have
cut-outs [1], holes or optical fibres inserted into their
housing wall [2].

pickup coils attached to the outside of the switch detect
the magnetic field. The arc was modelled as a polygon
line between the electrodes divided into segments. A
nonlinear system of equations based on the law of Biot-
Savart was established. The movement of the arc was
be reconstructed by inversion and thus e.g. the re-igni-
tion of the arc could be investigated. In a more ad-
vanced method, referred to as "Inverse Method", up to
14 Hall effect sensors were used instead of micro coils



to detect the magnetic field [6] [7]. The reconstruction
was also based on a non-linear system of equations.
The influence of the quenching plate configuration, the
contact material and the circuit chamber material were
investigated. In addition, the current commutation dur-
ing re-ignition was examined in more detail by model-
ling two arcs using two separate polygon lines. In a
third method, called "Deconvolution Method", the arc
was modelled as narrow volume elements between the
electrodes instead of a polygon line [8]. The homoge-
neous current density in each of these elements was re-
constructed by inverting a linear system of equations.
This method was combined with the "Inverse Method"
to investigate the commutation of the current from the
moving contact to the electrode. All three methods
have in common the use of a simplified model switch,
the restriction of the arc movement to two dimensions
and the use of Biot-Savart not considering magnetic
materials.

Reichert and Berger [9] were also able to determine the
arc root movement with pickup coils arranged along-
side arc rails. The influence of the current in the rails
on the magnetic field measurement was excluded by
the arrangement of the coils.

Ghezzi et al [10] theoretically described the current
density reconstruction in vacuum circuit breakers by
magnetic field inversion. With the help of methods
such as singular value decomposition, regularization
and temporal filtering, the reconstruction was im-
proved. However, it turned out that this method is only
capable of a rough reconstruction of the course of the
arc. An exact determination of e.g. the shape of the arc's
roots is therefore not possible.

At Jiaotong University in Xi'an, China, a magnetic
field sensor array with 8 x 8 Hall effect sensors was
presented and used to investigate the influence of
quenching plates and ferromagnetic inserts on the arc
movement [11] [12]. The sampling rate of the sensors
was 20 kHz. Further work describes the reconstruction
of three-dimensional current density distributions from
magnetic field measurements [13]. The model is based
on a simplified switching chamber. A paramagnetic be-
haviour of the quenching plates and eddy currents in
the quenching plates and busbars are considered. In ad-
dition, the influence of a real sensor on the reconstruc-
tion was examined [ 14]. The averaging of the magnetic
field over the active sensor surface, the tilting and er-
rors in the sensor positioning are taken into account.

3 Measuring System

In order to be able to study fast arcing processes with
the help of the magnetic field, a measuring system is
required that combines a spatially resolved measure-
ment with a high temporal resolution. Due to the fast

arcing process lasting only a few milliseconds, a sam-
pling rate of several kilohertz is required. Commercial
measuring devices are available for spatially high-res-
olution two-dimensional measurements of magnetic
fields [15] [16]. However, the sampling rates of about
1 Hz to 100 Hz of these systems are too low for the in-
tended application. For this reason, we developed and
built our own magnetic field measurement system par-
ticularly designed for this purpose. The developed
measuring system consists of several sensor heads, for
synchronous measurement at multiple positions. Cur-
rently five sensor heads are available to take the meas-
urements. Each sensor head records the magnetic field
in a rectangular area, which is equipped with individual
sensor ICs (integrated circuits).

3.1 Sensor Technology

For the measurement system, we use the highly inte-
grated sensor IC FH5401 from Fraunhofer IIS [17].
This sensor chip combines six Hall effect sensors, a
temperature sensor, the analog and digital signal pro-
cessing and a sequence control in one IC package. The
Hall effect sensors are arranged in two spatially sepa-
rated measuring points called pixel cells with three sen-
sors each for the three spatial directions as shown in
Fig. 1. A vectorial detection of the magnetic field is
therefore possible. The IC is controlled via a serial pe-
ripheral interface (SPI). Due to the configurable se-
quence control, adaptation to different measuring tasks
is possible. For example, you can choose which of the
integrated sensors are used and the sampling rate and
resolution at which they operate. The integrated tem-
perature sensor allows compensation of the tempera-
ture-dependent gain of the Hall effect sensors.

pixel cell 1 pixel cell 0 sensor housing

2 ai— v :'/in\‘r
- v w v\
ball grid array (BGA) 2.5 mm

measurement

3 mm directions

Fig.1 Packaging of the FH5401 sensor IC.

The two configurations "Single Axis" and "Three Axis"
were used for the measurements shown in this paper.
Table 1 lists the data of both configurations. Both use
only one measuring point in the IC to achieve the high
sampling rates. The "Single Axis" configuration uses
only one Hall effect sensor in the IC, which allows a
high sampling rate of 80 kHz. The "Three Axis" con-
figuration uses three Hall effect sensors in one measur-
ing point instead. This allows us to record the magnetic
flux density in magnitude and direction. Further con-
figurations are possible. Considerable options include
increasing the sampling rate to over 100 kHz or using
both measuring points in the IC at a reduced sampling
rate.
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TABLE 1. USED CONFIGURATIONS FOR FH5401.

Single Axis Three Axis

Axis: | Bz Bx, By and Bz
Sampling rate: | 80 kHz 25 kHz
Range: | £50 mT +50 mT
Resolution: | 160 uT 270 uT

3.2 Sensor Head

The main components of the sensor head are the sensor
board and a control board. The sensor board is
equipped with 288 FH5401 sensor ICs. These ICs are
arranged in a rectangular 12 x 24 array. The sensor ar-
ray covers an area of 42 mm x 60 mm, resulting in spa-
tial resolution of 3.5 mm in x-direction and 2.5 mm in
y-direction. The sensor board is connected to the con-
trol board via board-to-board connectors to form a sin-
gle unit. The main component of the control board is
an FPGA (field programmable gate array), which sim-
ultaneously controls and reads out all sensor ICs and
temporarily stores the measured data. A plastic housing
ensures the targeted airflow from the mounted fan to
the sensor board. The rear of the sensor board is cooled
to prevent overheating of the sensor ICs on the front of
the board. The complete sensor head can be positioned
as a unit on the object to be measured. A PC controls
the sensor head using a USB interface.

33 Measuring Procedure

A command sequence is loaded from the PC into the
FPGA to prepare a reading. The command sequence is
specific to a sensor IC configuration. Thus, separate se-
quences are required for the "Single Axis" and the
"Three Axis" configurations. After the acquisition du-
ration has been set, you can start the measurement. An
auxiliary board to which all camera heads are con-
nected synchronizes the start of the measurement. In
addition, this board provides the connection of the pe-
ripherals for igniting a thyristor and the control of an
auxiliary trigger. After completing the measurement,
the magnetic field data temporarily stored in the FPGA
is transferred to the PC. There the offset and tempera-
ture-dependent gain correction is carried out.

4 Measurements on a Circuit
Breaker

4.1 Measurement Setup

The arcing processes in a circuit breaker are studied by
performing simulated switch-off operations of a de-
vice. The test specimen was a low-voltage circuit
breaker with a rated current of 250 A and a rotary dou-
ble-breaker system. An outer phase of the three-phase
device was tested. A test setup was built to conduct the

measurements, which is shown in Fig. 2. With the con-
tact system initially closed, the switchgear is subjected
to a semi-sinusoidal current waveform with an ampli-
tude of up to 3 kA and a duration of 10 ms. This is
achieved by discharging a capacitor bank via a choke
designed as an air-core coil. During this discharge, the
circuit breaker is then remotely tripped by an auxiliary
release and the contact system opens. The current flow,
driven by the capacitor voltage and the choke, creates
an electric arc between the contacts. The time at which
the device is tripped can be varied according to the

phase of the current.
PC

]

|

Oscilloscope

Inductance

422 H

Circuit D i
cu
Breaker 2T

Charge | U,| _l  Capacitor (V
Circuit T 24mF

Thyristor
-1

- Board

Fig. 2 Schematic of the test setup.

During the arcing process, two sensor heads mounted
on the outer wall of the switch detect the magnetic
field. Fig.3 shows the arrangement. The measuring
plane is aligned parallel to the contact system. The two
measuring areas are each positioned at the height of the
quenching plate arrangement of the two breakers of the
double breaker system, as shown in Fig. 4. This should
allow observation of the arc interaction with the
quenching plates, with the focus on the outward and
inward movement of the arc. In addition to the flux
density, the current and voltage are also measured. A
tap on the moving contact piece measures the voltage
for both breaker points.

Sensor Head 1

Sensor Head 2 Circuit Breaker

Fig. 3  Picture of the measurement setup.
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Fig. 4 Location of the measurement areas of the two
sensor heads.



4.2 Single Axis Measurement

Fig. 5 shows the current and voltage curve of a meas-
urement. The current reaches a maximum of 1.4 kA.
The voltage was measured for both contacts of the dou-
ble breaker. At t = 1.3 ms the switch opens, which is
indicated by an arising voltage across the contacts. The
two voltage curves differ mainly by the many high-fre-
quency peaks and drops in the voltage across contact 2
(u2). In contrast, only a few but larger voltage drops
can be observed at contact 1 (ul).

The magnetic flux density in the z-direction was meas-
ured with the single axis configuration at a sampling
rate of 80 kHz during the entire simulated switch-off
process. The lower part of Fig. 5 shows a section of the
voltage waveforms. Here, the time points of the mag-
netic field measurements for a range of 225 us are
shown. Fig. 6 shows the recorded field distributions at
these times for both sensor heads. Each pixel in the im-
ages represents the measured value of a sensor IC. The
field distributions of the two heads show changes dur-
ing the observed period, each locally limited. The field
changes result from the change of the current path
within the switching device, which is generated by the
opening of the contacts and by the arc movement. Sen-
sor head 1 shows a slow change in the field distribu-
tion, which is expressed by a one-time change in the
sign of the flux density. A shift in the current density
distribution within the switching chamber relative to
the sensors can cause such a change in sign. Sensor
head 2, on the other hand, detects many fast changes,
each of them happening in a few samples. These find-
ings correlate well with the voltage curves, as sensor
head 1 is positioned near contact 1 and head 2 near
contact 2. Rapid changes in the field always occur with

sudden voltage drops.
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Fig. 5 Current and voltage over contact 1 (ul) and 2
(u2) during single axis measurement (rectangles on the
t axis: investigated periods. bottom: detailed view with
marked sampling points of the magnetic field).
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Fig. 6 Magnetic field distribution in z-direction of
sensor head 1 and 2 fromt=3.5875 ms to t=3.825 ms.
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Fig. 7 shows a different timeframe of the same single
axis measurement. It is noticeable that the voltage
across contact 1 now shows large drops. In the field
distributions from sensor head 1 shown here, the volt-
age drops correlate well with changes in the field. In
the magnetic field at T; + 12.5 pus a strong deflection of
some nearby sensors is noticeable, which occurs at the
time of a sudden voltage drop. This voltage drop indi-
cates a very fast arcing process. Therefore, it is possible
that sensor IC internal effects or interactions with the
circuit board cause the deflections shown in the field.
Further investigations are necessary to investigate this.

Voltage over Contacts (detailed view)
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Fig. 7 Magnetic field distribution Bz of sensor
head 1 fromt=4.150 ms to t = 4.3375 ms.

4.3 Three Axis Measurement

Fig. 8 and Fig. 9 show the result of a second measure-
ment. The use of the three axis configuration enables
the magnetic flux density to be measured in all direc-
tions in space. Here the sensor ICs read the field with a
sampling rate of 25 kHz. Fig. 8 shows current and volt-
age. Larger peaks and dips in the voltages are limited
temporally to about 500 ps each. Fig. 9 shows the field
distribution at four successive points in time for each
spatial direction, for both sensor heads. A larger
change, happening abruptly between two samples, can
only be observed on sensor head 1. The two samples
were taken once before and once after a drop of voltage
ul.
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Fig. 8 Result of the three axis measurement (current
and voltage).
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Fig. 9 Result of the three axis measurement (mag-
netic flux density distribution for the three directions
and the two sensor heads).

4 Conclusion

Magnetic field measurements on a circuit breaker dur-
ing a simulated switch-off process are shown. We used
a specially developed magnetic field measuring sys-
tem. The system is able to detect a field distribution lo-
cally resolved with a high sampling rate. Fast as well
as slow events showed up in the visualized field distri-
butions. An adaptation of the measuring system to the
specific task is possible by using different sensor IC
configurations. As shown, a reduction of the sampling
rate to 25 kHz allows three axis magnetic field meas-
urements. Using two sensor heads allowed measure-
ments near each contact of the double breaker. The two
field distributions measured, correlate well with the
corresponding voltage of the contact.

The next step will be a simultaneous measurement of
the electric arc with a high-speed optical camera and
the magnetic field with the measuring system presented
here. Therefore, the presented measuring system shall
be verified, supported by numerical magnetic field
simulations.
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Abstract

Powder metallurgical manufactured CuCr electrodes made from materials with different Cr morphology have been
studied under the AC current load up to 6.5 kA. Special attention was paid to the appearance of various anode
modes. Arc dynamics has been acquired by high-speed camera. NIR spectroscopy was used for determination of
the time- and space-resolved anode surface temperature. Broadband absorption spectroscopy was applied for
determination of the vapour density with respect to different anode modes. Existence ranges of various anode
modes, as well as the results of anode surface temperature and Cr I density measurements for two electrode

materials are presented and discussed.

1 Introduction

Vacuum interrupters (VI) are environmental friendly
alternative to SFe switches at medium and high-voltage
levels. Applications of this type of circuit breakers are
permanently growing and give a rise for continuing
research.  The high-current operation of VI is
accompanied by remarkable metal vapour generation,
which can occur also after the current interruption
when the electrode surface temperature is high enough.
Sufficiently high vapour density promotes the arc
reignition in the presence of transient recovery voltage.
Control over the density of neutral species close to the
current zero crossing is, therefore, of great importance.
The anode is the main source of neutral vapour in case
of switching vacuum arcs. The anode activity is
especially high when the high-current anode modes
occur. Figure 1 presents the typical anode modes
observed in the experiment [1, 2]. The appearance of
those modes depends on the electrode distance, arc
current, arc duration and anode surface temperature [1,
2, 3]. Thus, the intense mode usually is typical for arc
ignition stage, the diffuse mode occurs at comparably
low currents and the anode spot (type 1 or type 2) has
been obtained when the anode surface becomes melted.
The last anode mode, the anode plume, was found at
the conditions of significant anode melting and appears
usually close to the current zero crossing. The plume
consists of neutral vapour [2, 4] and moves toward the
cathode creating a conducting channel. Therefore, it is
highly desirable to avoid the anode spot mode. This

could be achieved by the choice of electrode material,
which provides for example lower surface temperature
or decreased vapour density.

Fig. 1 Images of vacuum arc discharge during
different high-current anode modes: (a) intense, (b)
diffuse, (c¢) footpoint, (d) anode spot, (¢) anode plume.
Anode on the top, cathode on the bottom.

Some research work was done in the past to identify
the optimized parameters such as Cr content [5, 6, 7]
and particle size [5, 8, 9]. However, the results are not
directly comparable due to the differences in both
manufacturing  parameters and  experimental
conditions. In order to get a full picture about possible
switching behaviour of certain contact material, as
much parameters as possible have to be acquired
simultaneously.
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Powder metallurgical manufactured CuCr electrodes
made from materials with different Cr morphology
have been studied under typical switching operation
conditions. Special attention was paid on the
appearance of various anode modes. Existence ranges
of various anode modes, as well as the results of anode
surface temperature and Cr I density measurements for
various electrode materials are presented and
discussed.

The comprehensive characterization of high-current
anode phenomena was done by simultaneous
application of electrical and optical diagnostics which
comprises registration of arc voltage and current
behaviour, observation of anode mode transitions,
measurements of anode surface temperature, as well as
determination of vapour density after current
interruption. Details are given in Section 2.

2 Experimental setup and
diagnostics

2.1 Studied materials

Fig. 2

Images of material structure top — Material I,
bottom - Material I, magnification 200x. Grey spots -
Chromium, black- Alumina

Two different materials with 25 wt% Cr, but different
Cr particle size distributions further denoted as
Material I and Material II have been studied. Both

materials are aluminothermic Chromium — material I is
a standardised medium grain size powder whereas
material Il is a finer sieving fraction with a
significantly higher level of alumina impurities related
to the brittle behaviour of the ceramic component
(Figure 2). The contact materials were manufactured
by powder metallurgy at Plansee Powertech AG. Cu-
and Cr-powders were mixed, cold compacted and
subsequently sintered under protective atmosphere,
slightly below the melting point of Cu.

The electrodes had a diameter of 20 mm and a height
of 10 mm.

2.2 Power source

The current pulses were provided by a high-current
generator [10]. AC operation with a current range 380
A- 6500 A has been used. The arc duration was varying
between 3 and 9 ms.

2.3 Vacuum chamber

A vacuum chamber with optical access described in
[10] has been used in the experiments. It contains four
optical  viewports allowing for simultaneous
acquisition of several optical signals. As in the real
applications, the electrodes are moved by an actuator
with an opening speed of about 1 m/s. For
simplification of optical diagnostics the fixed electrode
was powered as the anode and the grounded cathode
was moving.

sC OSNIR

w \/e NIR
Fig.3 Schematic representation of experimental
setup with a vacuum chamber VC, electrode system
(A- anode, C- cathode) and used optical diagnostics:
compact NIR spectrometer (NIR) with optical fibre and
collimator (OS NIR), system for absorption
measurements — Xenon flash lamp (Xe L) and optical
emission spectroscopy system (OES), high-speed
camera (HSC).

2.3  Applied diagnostics

Electrical and optical diagnostics has been applied for
characterisation of arc behaviour. Arc dynamics has
been acquired by high-speed camera (Figure 3). NIR
spectroscopy was used for determination of the time-



and space-resolved anode surface temperature.
Broadband absorption spectroscopy was applied for
determination of the vapour density with respect to
different anode modes.

2.3.1 Electrical diagnostics

Arc current and arc voltage have been measured by
corresponding probes. Pearson current monitor model
1330 was used for determination of current evolutions.
The arc voltage was acquired by Tektronix high voltage

probe P6015A. The signals have been registered by the
transient recorder HBM GENT7t.

2.3.2 Arcimages

The arc dynamics has been registered by high-speed
camera IDT Motion Pro Y4 with a frequency of 10000
fps and exposure time between 2 ps for high currents
and 5 ps for low currents. Typical arc images are shown
in Figure 1.

L T=2060 K

—— measured |
- - - calculated 7
900 1050 1200 1350 1500

wavelength [ nm 1
Fig. 4 Example of temperature evaluation using NIR

spectrum.
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w b OO N

2.3.3 Techniques for surface temperature
determination

Determination of the anode surface temperature has
been performed by two complementary methods. The
NIR spectroscopy was used for measurements of the
cooling dynamics after current zero. Using the optical
system (OS NIR in Fig. 3) the measuring spot of ca
I mm in diameter was adjusted to the supposed
position of highest temperature. Hamamatsu NIR
spectrometer C1142GA with the spectral range 900 —
1650 nm and temporal resolution of 1.5 ms (exposure
time 200us) have been used for spectra registration.
After the acquisition the spectra have been processed
according to the routine presented in [11] in order to
determine the temperature. An example of temperature
evaluation is shown in Figure 4. During the active
phase the enhanced high speed camera techniques has
been used to acquire the qualitative evolution of the
surface temperature. A metal interference filter with the
central wavelength of 891 nm and FWHM of 10 nm
has been used to block the plasma radiation. The anode
surface images were acquired than by a second high-
speed camera (IDT MotionPro Y4) with 10000 fps at
an exposure time of 100 us. The absolute temperature

was calculated by calibration at the position of NIR
measurements at the instant close to current zero
crossing. More details about wused diagnostic
techniques can be found in [2].

2.3.4 Absorption spectroscopy

Broadband optical absorption spectroscopy (OAS) was
used for determination of chromium vapour density
after extinction of arc plasma (after current zero). This
technique is based on evaluation of absorption spectra
in the wavelength range where the resonance lines of
material of interest are present.

s ydelbosjoads

Fig.5 OAS evaluation position. Anode on the top,
cathode at the bottom. The dashed line marks the
projection position of spectrograph slit.
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Fig. 6 Signal sequence for OAS diagnostics.

Fig. 7 2D image of the spectrograph in the range of
Cr I resonance lines (top) and averaged absorption
spectrum (bottom). Cr I lines (from the left to the right)
425.43,427.78, and 428.97 nm.
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A rectangular-shape pulsed high-intensity Xenon lamp
is used as a background radiation source. It emits a
Planck-like radiation of 12 000 K with a maximum
power of IMW [12]. The Xenon lamp is positioned on
the right side window of the vacuum chamber (Fig. 2).
Its radiation is directed through the electrode system on
the optical axis and coupled to the spectrometer
entrance slit that is placed at the opposite window. By
using a deflecting and a focusing mirror, the electrode
gap is observed along a line perpendicular to the
electrode surfaces. The radiation is spectrally dispersed
using the Andor Technology Ltd. Shamrock 750
spectrograph (Czerny—Turner type) with a 0.75m focal
length equipped by an intensified charge coupled
device camera (Andor iStar). The position of the
spectrograph slit is presented by dashed-dotted line
shown in Figure 5.

The method and corresponding theory together with
the experimental setup are described in more detail in
[2] and [13]. Spectral interval 423—431 nm was chosen
to study the Cr I density, which contains spectral lines
of different resonance transitions of 425.43, 427.78,
and 428.97 nm [14].
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Fig. 8 Example of Cr I 428.9 nm line fit procedure.
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Figure 6 shows the operation sequence applied for
OAS measurements. Absorption spectra have been
acquired immediately after current zero crossing with
a delay about 100 us, which was necessary for plasma
decay. Xe lamp started about 9.5 ms and reached its
maximum intensity close to the instant of acquisition
time. An example of high-resolution spectra is
presented in Figure 7. The anode and cathode are at the
top and bottom of the figure, respectively. The light
grey background corresponds to the continuum
radiation emitted by the Xenon lamp. Three darker
narrow vertical lines shown on the top of Fig. 4
correspond to the absorption by three resonance lines
of Cr1 at 425.43, 427.78, and 428.97 nm. The relative
intensities of the plasma transmission and the
background light source integrated along the
wavelengths are shown in Fig. 6 (bottom). The signal
is averaged over a horizontal stripe of approximately 5
mm in the axial direction in the front of anode.

Figure 8 presents an example of data processing for the
Cr I line 428.9 nm. The preparation routine includes
dark signal correction and Lorentzian fit of obtained
signal. Finally, the area under the absorption signal was
determined, which gives the value of optical depth .
The lower state population density /V; in the absence of
plasma radiation (after current zero) can be determined
from the optical depth as follows [2]:

o _ (™ Iy _ me?AFDN f1y

Jy T @dA = [7In (%) da = 22k
Here, g is the permittivity of free space, m. is the
electron mass, c is the speed of light in vacuum, e is the
elementary charge, f, is the oscillator strength, Ao is
the center wavelength of the considered transition, /Iy
denotes undisturbed radiation the background light
source, / is the radiation measured after absorbing
material and D is the absorption length.
Detailed information regarding the broadband
absorption spectroscopy method and spectroscopic
constants for the selected lines, including wavelength,
transition probability, and oscillator strength can be
found in [2].

2.4 Electrode surface conditioning
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Fig. 9 Example of arc current and voltage behaviour
during the conditioning cycle. Top — new electrodes,
bottom - conditioned electrodes.



Prior to the measurements the electrode surface must
be cleaned from adsorbed particles, the lubricant rests
of machining processing, dielectric layers, water etc.
The cleaning procedure was performed in several
steps. First, the electrodes were processed in ultrasonic
bath with distilled water and grease removing fluid. In
the next step, the surface was cleaned by acetone and
isopropanol. Finally, after the mounting inside the
vacuum chamber, low-current arc discharges were
applied for conditioning of the surface.
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Fig. 10 Characteristic voltage behaviour in case of
diffuse anode attachment (top), footpoint or anode spot
1 mode (middle) and anode spot type 2 (bottom).

Figure 9 shows the temporal evolution of the current
and voltage during the conditioning cycle. The
stepwise increase of the arc voltage denotes the instant
of the electrode separation (arc ignition). Typical arc
duration was between 6.5 and 9 ms. First shots with the
new electrodes show certain instabilities in the voltage

behaviour which are connected with stochastic spot
formation on the electrode surface at the positions of
adsorbed impurities. The high-speed videos confirm
the unstable arc root positions in this case. After
typically 10 shots the voltage curve becomes more
smooth indicating the end of conditioning process. The
arc glow becomes more diffuse and the cathode spots
are uniformly distributed over the surface.

3 Results and discussion

3.1  Anode modes existence range

Distinguishing between different high current anode
modes is based on evaluation of the arc images and the
shape of the arc voltage. Figure 10 shows three
characteristic cases of arc voltage A diffuse arc
attachment is accompanied by a stable voltage course.
Small voltage fluctuations (form instants after 6 ms in
Fig. 10 middle) point to appearance of localized arc
attachment, which is characteristic for footpoint mode
or anode spot type 1. Finally, a pronounced voltage
jump occurs when an anode spot of type 2 is formed
(instant of 4.3 ms in Fig. 10 bottom).
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Fig. 11 Anode mode existence diagrams for Material |
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Fig. 12 Evolution of anode surface temperature
obtained from NIR measurements for Material I (top)
and Material II (bottom).

The electrodes made of both materials and conditioned
according to the routine described in Sec. 2.4 have been
loaded by variable current in the range 380 A — 6500 A
between 1 and 3 times. During the analysis of high
speed images and voltage courses the time of first
appearance of corresponding mode after the arc
ignition and related current have been evaluated. Since
during a single shot various modes transition can occur,
some shots give the information for several pairs
current/arc duration. The results of this analysis are
presented in Figure 11. The footpoint mode is usually
a forerunner for the anode spot type 1 mode. In many
cases, it is also difficult to identify the exact instant
(and current) of mode transition between footpoint and
anode spot type 1. Therefore, corresponding cases are
summarized together in the diagrams, so that three
typical existence ranges are distinguished. The diffuse
attachments occurs when the current is rather low at
long arc duration or also in the cases when the arc
duration is short and the current is high. An increase of
the current is accompanied by a mode change to
footpoint or anode spot type 1 mode. In the case of
Material II this transition takes place at lower current
values when the arc duration is long. Furthermore, in
the experiments with a short arc duration the diffuse arc
for Material II was never obtained for the currents
higher than 3000 A. Also, the transition to the anode
spot type 2 mode requires less current at the same arc

duration in case of Material II. In general, the arc
constriction occur at lower current resp. lower arc
duration for Material II comparing to Material 1.

3.2 Surface temperature

Temporal evolutions of anode surface temperature after
current zero crossing are presented in Figure 12. Initial
temperature varies between about 1300 K and 1700 K.
Its value increases when the maximum arc current is
higher. Material I shows higher starting temperatures at
comparable experimental conditions. In case of
Material II the temperature decay is nearly linear with
time. The signals for Material I exhibit a strong noise
for currents higher than 3300 A due to significant anode
activity in form of anode plume. The anode plume was
not obtained in case of Material Il at the present
experimental conditions. Despite to lower initial
temperature Material II needs longer time for cooling.
After about 10 ms the temperature decreases by about
25% of its value at current zero. Thus, the expected
predicted time to reach the room temperature is about
20 - 30 ms in case of Material I and about 35 - 45 ms
in case of Material II.
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Fig. 13 2D surface temperature plots for the instant
7.25 ms in case of maximum current of 6500 A. Top —
anode made from Material I, bottom — Material II.

Figure 13 presents a comparison of 2D anode surface
temperature distribution at the instant 7.25 ms in case



of maximum current of 6500 A for both studied
materials. In general, the temperature in case of
Material II was lower also during the active phase of
the discharge. For the presented instant, the maximum
temperatures were about 2430 K and 2280 K for case
of Material I and Material II correspondingly. Such
behaviour could be partially explained by increased
spot area in comparison to Material 1. The anode spots
on the anode made from Material II tends to occupy the
lateral surface, while the spot in case of Material I had
the position, which approximately coincides with the
ignition point of the arc.

3.3  Vapour density after CZ
Results of absorption measurements for Cr I vapour

density after current zero crossing are shown in
Figures 14 and 15.
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Fig. 15 Dependence of Cr I density close to the instant
of current zero crossing on the maximum arc current.

Due to low spectral intensity the acquisition of only
one spectrum per shot was possible. Therefore, several
measurements at similar experimental conditions have
been performed.

Despite the lower surface temperature, the vapour
density is higher in case of Material II. It amounts to
about 10'® m>, while the value for Material I is about
7.4x10'7 m3.

The vapour density remains higher for Material II in
the current range 3500 — 6500 A (Figure 15). For the
lower current values the sensitivity of AOS system was
not enough to resolve the absorption spectra. Higher
evaporation rate in case of Material II is probably
caused by finer Cr grain structure and lower thermal
conductivity which is influenced by smaller Cr and
alumina particles distributed in the copper matrix [15,
16] promoting a thinner and broader melting bath.

4 Conclusions

Powder metallurgical manufactured CuCr electrodes
made from materials with different Cr morphology
have been studied under typical switching conditions.
Existence ranges of various high-current anode modes
were determined. Material I shows a broad range of
diffuse attachment, while the arc constriction and
formation of anode spots in case of Material II takes
place at lower currents and shorter arc duration.
Anodes made from Material I show higher surface
temperature and more constricted anode spots. The
surface temperature in case of Material II is lower, but
the parameters as spot area, cooling time and Cr I
vapour density after current interruption are higher,
which make this material less favourite for switching
applications at considered experimental conditions.
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Effect of contact materials process and test features on welding
tendencies of vacuum interrupters during short time current test
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Abstract

Single phase short time current test at 40 kA were performed on various vacuum interrupters with different test
parameters. Welding force between contact was measured by tensile test means. The influence of contact material
process and contact structure were investigated. Furthermore, the influence of certain test parameters link to the

circuit breaker design were also analysed.

1 Introduction

Vacuum interrupters are used in the whole range of me-
dium voltage switchgear. The used contact material de-
pends mainly on the application (i.e. contactor, switch,
circuit breaker). For circuit breaker application Cu-Cr
pseudo alloy are used with a Cr content between 25 and
50 wt%. Cu-25wt%Cr is commonly known for its very
good short circuit performances [1] [2] [3]. However,
materials with such amount of copper have a rather
high welding tendency due to low melting point of cop-
per compared to temperature encountered during arc-
ing phase. Therefore, vacuum circuit breaker drive
should deliver a shock energy high enough to break all
type of welds. Welding can occur on two type of tests:
- Making on short circuit current. The prearc
before contact touch creates liquid copper that
will solidify once contact are closed and can
create strong welds
- Short time current test (STC) where short cir-
cuit current is maintained for several seconds
(between 2 and 4 s depending on the stand-
ards). During the first ms, there is a first high
peak current that could reach 2.5 to 2.6 times
the short circuit current. During this peak the
current constriction at contact spot location
(Figure 1) creates a repulsion force. This re-
pulsion force is well known and considering
the simplified geometry of Figure 1, it is given
by [4][5]:

iZ
Fp =*"log() (M

Where u is the permeability of vacuum, i the cur-
rent, R the contact radius and a, the estimated spot

radius. This spot radius can be calculated from
Holms contact law [6] and gives:

_ F
= |Hn @

Where F is the applied contact force and H the ma-
terial hardness.
This model gives a first rough estimation of repul-
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Figure 1 lllustration of a simplified model of two cylin-
drical conductor of radius R in contact with the force F
applied creating the central contact spot of radius a

sion force. However, this simple model doesn’t
consider the effect of some parameters. For exam-
ple, Kulas et al. estimated the effect of an off-cen-
tre contact spot on the repulsion force [7]. Ap-
proaching the conductor edge, the calculated re-
pulsion force increases up to more than 15 % of
the value in the centre. Other parameters such as
the contact materials nature and the contact geom-
etry to magnetically influence the arc behaviour
can also have significant effect on this value.

This work focusses on the experimental study of
several key parameters of the Vacuum Circuit
Breaker (VCB) design on this repulsion force. The
effect of the contact manufacturing process, the
arc control type (Axial Magnetic Field: AMF vs
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Radial Magnetic Field: RMF) and the use of a
damping system on the test bench were analysed,
discussed and compared to the above-mentioned
simple model (equation (1)).

2 Materials and method

2.1 Contacts and vacuum interrupter
(VI) preparation

Two type of electrical contacts with same composition
(25wt%Cr, rest Cu) were obtained from two processes:
- Solid state sintering (SSS)
- Vacuum casting (VC)
Those processes lead to different microstructures and
properties (Figure 2 and Table 1)
Solide state sintering consist in powder mix compres-
sion and sintering close to copper melting point (<
1358 °K). The Cu matrix and the Cu/Cr interphase con-
tain some porosity. Vacuum casted microstructure con-
sists in dendritic formations of Cr inside a Cu matrix.
The Cr grain size is quite smaller (around 20 pm) com-
pared to the one of sintered Cu/Cr contacts (50 to 100
pum). Its porosity level is very low as casting defects are
well controlled.

SSS VvC
Porosity (%) 2<P<5 <1
Conductivity 30 30
(MS/m)
Hardness (Hv) | 60-80 90-100

Table 1 Material properties of solide state sintered and vac-
uum casted electrical contacts

Vacuum interrupters (V1) used for the test campaign are
commercial references for 31,5 kA Isc/17,5 kV Ur. VIs
with radial magnetic field (RMF) and axial magnetic
fields (AMF). Contacts diameter is 60 mm for both
cases. Figure 3 shows the geometry of both types of
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Figure 2 Microstructure of Cu25%Cr contact materials a)'
solid state sintered; b) vacuum casted

AMF and RMF contacts. VI were assembled by braz-
ing in a vacuum furnace. The contact surfaces were
subsequently conditioned by doing several low volt-
age/3 kA breaking operations. No voltage conditioning
was applied as no high voltage withstand is required
during STC tests.

2.2 Power test conditions

Alow voltage capacitor bench was used to generate the
95 kA of the test at 50 Hz.

2.3 Test bench

VIs were mounted on a specific test bench shown in
Figure 5. Current conduction is done using sliding con-
tacts not inducing any additional electrodynamic force
during peak current tests. Contact force is applied with
a mechanical jack and controlled with a piezoelectric
stress sensor ranging between -1000 daN (traction) and
+1000 daN.(compression). A contact pressure spring is
used to be in mechanical conditions close to the one
encountered in vacuum circuit breakers. The voltage
drop on the VI is measured during the current flow.

W = /"

Figure 3 Contact designs a) RMF with helix shape contac tip
and contact screens, b) AMF with disk contact ship and
"coil” to create the axial magnetic field

Any contact separation can be detected as the arc re-
sistance is much higher than contact resistance. There-
fore, during the repulsion, a voltage pulse can be ob-
served as shown in Figure 4.

24 Tensile measurement
Tensile measurements were done using the piezoelec-

tric stress sensor on the test bench. Tensile force was
applied using the mechanical jack.



3 Results and discussion

Test were done three time at each contact force value
starting by the higher value (i.e. lower risk of repul-
sion) and decreasing of 50 daN until popping was de-
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Figure 4 Example of oscillogram of peak current test where
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Figure 5 Picture of the test bench used for the two test cam-
paigns

tected or welding force was over 1000 N (sensor limit).
Repulsions is indicated by a cross while no repulsion is
indicated by a dot (Figure 6). We can observe that no
repulsion occurred at contact force above Fg (Fz~2300
daN for 95 kA). First welding and repulsion occurred
at 200 daN. This is in accordance with the estimated
repulsion force from the model mentioned in the intro-
duction.

3.1 Effect of contact material

Comparing contact materials, we could expect larger
repulsion force with casted contact than with sintered
one as its hardness is 20-40 % lower and Fg is propor-
tional to log(H). First welding occurred at the same
contact force value. However, repulsion occurred at
higher contact force with casted contact compared to
sintered (Figure 6). This is therefore in accordance with
our expectations. Welding force was much higher for
sintered contact, but this is due to a longer repulsion
time (3,8 ms vs 1,0 ms). Indeed, we could also expect

a higher unwelding force of casted contact. Due to its
porosity content and bad interface between Cu and Cr,
sintered contact should have a lower fracture strength
than casted contact. Therefore, when a strong weld oc-
cur, sintered contact requires less energy to create a
fracture in the bulk than casted contact. Microstructure
of broken welds in the bulk of sintered materials and in
the welding interface of casted materials can be found
on Bohm et al. work [8] which is in accordance with
this expectation.

3.2  Effect contact geometry

From Figure 6, we can see that VI using AMF arc con-
trol show no repulsion at 200 daN. Repulsion and weld-
ing only occur at 150 daN. This can be explained by

the attraction of the coils which increase the contact
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Figure 6 Unwelding force vs contact force of RMF Cu25Cr
contact from two process and of AMF contact

Unwelding force (daN})

pressure during peak current. FEA transient simula-
tions were done at peak current in order to estimate the
difference of repulsion force between AMF and RMF.
Simulations were done with supposed same contact
spot size calculated with Holm formula. However, dif-
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Figure 2 Unwelding force vs contact force of VIs with RMF
arc control with and without shock absorber

ferent spot location (edge for AMF vs close to centre
for RMF) were used as arc control geometry are differ-
ent. Repulsion force was found around 15 % inferior
with AMF compared to RMF. Therefore, the repulsion
force for AMF is just below 200 daN which is in ac-
cordance with our experimental observations.
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33 Effect of bench mechanical damper

Two configurations of test bench were also compared.
One with a shock absorber (10 mm thick rubber plate
as shown in Figure 5) placed between the top of the
bench and the columns, initially used to reduce bounc-
ing. The other configuration without shock absorber.
From Figure 2, repulsion is observed at higher contact
force and above the calculated repulsion force. High-
speed camera was used to detect bench deformation
during the test. Deformation of the rubber was ob-
served during the peak current allowing a gap between
contacts and leading to contact repulsion. The repul-
sion force is supposedly not above the 300 daN applied
contact force but it is high enough to deform the rubber
and create a gap between the contact. The contact force
where repulsion is observed is here twice the value
without absorber. Its effect is therefore larger that the
one of contact material or arc control type. It shows that
the circuit breaker should be rigid enough to avoid this
phenomenon at high contact force.

4 Conclusion

This study focused on the effect of several parameters
on the repulsion force during peak current. It appeared
that with the same material composition, there is only
a slight difference of behaviour between vacuum
casted and solid-state sintered Cu-25wt%Cr materials.
However sintered material might be a better choice as
they require a slightly lower contact force and mainly
because the unwelding force should be lower that with
casted material.

It was also observed that using RMF arc control is lead-
ing to a higher repulsion force that AMF arc control
with embodied coils. Those coils are attracting each
other during the peak current which increases the con-
tact force.

The most noticeable effect was finally the mechanical
properties of the CB. A large rigidity is needed to avoid
any deformation that could lead to contact separation.
However, this goes against the required damping of the
circuit breaker structure in order to limit contact bounc-
ing during CB closing. Therefore, developing a vac-
uum circuit breaker is a matter of finding the good bal-
ance between those parameters.

Despite its simplifying assumptions, the model men-
tioned in the introduction is in accordance with the ex-
perimental observation of this work. It is therefore a
useful tool to estimate the needed contact force depend-
ing on the short circuit current rating.
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Abstract

Vacuum contactors often employ tungsten carbide-silver (WC/Ag) contact materials due to their low chopping
currents and high welding resistance. For cost reasons, it would be desirable to replace silver by copper or other
metals with high electrical conductivity. This, however, decreases the vapor pressure of the contact material which
generally results in increased chopping currents. In this work, various material compositions with lower silver
contents were prepared and their current chop behaviour was tested inside commercial vacuum interrupters. Sta-
tistical evaluation of the test results shows that material compositions with increased tungsten carbide content or
containing a finely dispersed additive present lower chopping currents than expected based on their silver contents.
Vacuum interrupter resistivity measurements suggest that the tested contact material formulations do not impact
contact resistance significantly. These findings show that clever material design enables silver-reduced WC/Ag
materials which still provide the low chopping currents necessary for application in vacuum contactors.

1 Introduction

Vacuum contactors are typically used to switch electric
motors and to control electrical circuits with a high
number of operations. Unlike vacuum interrupters (VI)
for circuit breakers, this application requires a much
larger number of operational cycles. WC/Ag composite
materials are typically used as contact materials, in
which WC provides the high welding resistance and Ag
the low contact resistance required for the long device
lifetimes [1].

A typical phenomenon in vacuum interruption is cur-
rent chopping: when the AC current approaches current
zero, the vacuum arc becomes unstable and then extin-
guishes suddenly. In vacuum contactors, large chop-
ping currents . are undesirable as they can induce large
voltage surges that may cause dielectric failure of
downstream motors or transformers in the grid. Actual
chopping currents I depend heavily on the contact ma-
terial and vary with current level and the surge imped-
ance of the circuit [2]. In addition, they are statistically
distributed.

WC/Ag contacts exhibit very low I, enabling vacuum
contactors to switch loads without any additional surge
protection devices. It is well established that this fa-
vourable performance originates from low thermal
conductivity and high vapor pressure of the material

(3] [4].

In contact materials with a low thermal conductivity,
the arcing heat is dissipated from the cathode spot more
slowly, providing more evaporated contact material to
keep the low current arc stable. In WC/Ag contacts,
WC exhibits the lower thermal conductivity. Thus, in-
creasing the WC:Ag ratio in VI contacts was observed
to correlate with a lower chopping current [5] [6].

Similarly, high vapor pressure materials stabilize low
current arcs by providing evaporated contact material
at lower temperatures. Thus, pure Ag metal exhibits
much lower I; than Cu metal due to its higher vapor
pressures, while thermal conductivities are similar [7]

[8].

However, due to the high and volatile price of silver,
more cost-effective alternatives to WC/Ag are being
considered. From a technical and economic perspec-
tive, only Cu is suitable as a conductive alternative for
Ag. Thus, WC/Cu contacts have been tested in vacuum
contactors by Behrens and Temborius [6] [9]. They
both found that WC/Cu exhibits significantly larger
chopping currents that WC/Ag due to the lower vapor
pressure of Cu compared to Ag.

We have now studied the chopping currents of WC/Ag-
type contacts with lower Ag contents. The latter was
achieved by partially replacing Ag by Cu and other
metals or by increasing the WC:Ag ratio. In addition,
the effect of a finely dispersed additive in WC/Ag-type
contacts was investigated.
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2 Contact Materials
2.1 Compositions

As a reference, we chose commercial contacts 1 with a
composition of 60 wt. % WC and 40 % Ag that are
widely used in vacuum contactors. To analyze the ef-
fect of changing the vapor pressure of the contact ma-
terials, different fractions of Ag were replaced by Cu in
compositions 2-5 while keeping the mass ratio refrac-
tory material:conductor constant at 60:40. To evaluate
the impact of changing thermal conductivity, a WC-
rich composition 6 with 70 % WC was chosen. Further-
more, we prepared contact material 7 containing a
finely dispersed additive in addition to the WC/Ag-
base composition. All selected material compositions
are listed in Table 1.

The limited densification of WC/Ag based materials
when manufactured by liquid phase sintering is im-
proved by the addition of 3 wt. % Co to the materials
from this process. Since Co is barely soluble in Ag or
Cu, this addition does not have drastic effects on elec-
trical conductivity.

WC/Ag-type contacts were produced by powder met-
allurgical processes, starting from powders of the con-
tact material components. Some contacts were pre-
pared by liquid infiltration, others using a simple liquid
phase sintering process [10]. The sintered materials
were machined to the required contact shape and fi-
nally assembled inside commercial vacuum interrupt-
ers.

2.2 Characterization

Different contact material compositions do not only af-
fect chopping currents in the vacuum interrupter but
can also have effects on contact resistance. Thus, ma-
terial hardness (Emco test M1CO010 hardness tester)
and bulk conductivity (Institut Dr. Forster Sigmatest
2.069 eddy current probe) were measured to verify that
the selected compositions are suitable for contact ma-
terial application. The results of these measurements
are listed in Table 1.

The effect of contact resistance was additionally esti-
mated by measuring vacuum interrupter resistivities
after each of 50 switching operations, using a Micro
ohmmeter MO 2A (Rasmus & Kiihne, Dresden, Ger-
many).

3 Chopping Current Testing

Chopping currents of vacuum interrupters containing
the experimental contact materials were measured us-
ing a dedicated test setup pictured in Figure 1. It was
designed for high test repetition rates to be able to ac-
count for the statistical distribution of chopping cur-
rents.

Ilul [TO

iy
=]

L,=22mH

Uc| == C,=64mF

Fig.1 Circuit diagram of the setup used for I. testing.
TO indicates the test object which is located in a cur-
rent path parallel to the main circuit.

The test setup is similar to the one described in [11] and
is based on a synthetic circuit. A capacitor bank C;
charged to 400 V is used as the power source. When
the thyristor is switched on, it discharges the stored en-
ergy through L, and R, and produces a resonance cir-
cuit with 50 Hz sine voltage and the corresponding cur-
rent, supplying one halfwave of a total current lio; of 1.7
kA. With a parallel current path containing an addi-
tional inductance L, and the test object, the test current
Ito was tuned to a peak of 65 A, corresponding closely
to the root mean square current of 45 A as used by Czar-
necki et al. [11]. Although current and voltage are sim-
ilar to their setup, our setup exhibits a smaller parallel
capacitance of 5 nF (vs. 26 nF in [11]), so that we can
expect slightly larger chopping currents for comparable
materials. The parallel metal oxide varistor (clipping
voltage of 1.8 kV) is used as a safety element in case
of major faults in the test objects and stayed passive
during the investigations.

Table 1 Contact materials used to investigate the effects of material composition on chopping currents.

Material | Composition (wt.%) co:ﬁ;ﬁ;{‘,’)‘ty h(&;{l]l;;s)s production technique

1 WC60 Ag40 19.0 250 infiltration, commercial reference
2 WC60 Ag37 Co3 14.1 324 liquid phase sintering

3 WC60 Ag32 Cu5 Co3 13.1 304 liquid phase sintering

4 WC60 Ag27 Cul0 Co3 12.7 300 liquid phase sintering

5 WC60 Agl0 Cu30 19.6 387 infiltration

6 WC70 Ag27 Co3 11.2 405 liquid phase sintering

7 WC60 Agl7 Cu20 Co3 add. 0.1 12.1 308 liquid phase sintering
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For accurate measurements of I, the current and volt-
age across the test object were measured using a Pear-
son 110A probe (Pearson Electronics, Palo Alto, US)
and a differential probe with a ratio of 1:200 and a max-
imum bandwidth of 25 MHz (Teledyne LeCroy), re-
spectively.

Initial testing with several VIs containing commercial
contact materials showed high reproducibility between
different devices. Each contact material was tested re-
peatedly to ensure reasonable statistics with at least 92
valid measurements observed for every material (cf.
Table 2).

4 Results and Discussion
4.1 Contact Resistance

Bulk conductivity and hardness of the materials can be
considered to gauge effects on contact resistance. Ac-
cording to Table 1, bulk conductivity is highest for ma-
terials 1 and 5 that were produced by infiltration,
whereas the materials produced by liquid phase sinter-
ing exhibit lower bulk conductivities.

Soft surfaces are beneficial for contact resistance as
they facilitate deformation of surface asperities, lead-
ing to larger contact surfaces. Here, the commercial
reference material 1 is most promising, while WC-rich
material 6 shows the highest surface hardness values.

In an attempt to quantify the effects of contact re-
sistance, the resistivities of several vacuum interrupters
containing experimental materials were measured. Fig-
ure 2 shows that VI resistivities can vary significantly
between different VIs assembled with the same contact
material. These variations are often larger than those
between VIs with two different contact materials.

material 1 material 3
120
100 A 100 4
T [ ]
S 50 1 01 L8 .
= X e M <«
.‘ 00 ®
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ao40 A 40 A
a4
20 - 20 A
0 0

0 Operations 39 0  Operations 39
Fig.2 Experimental resistivities of two vacuum in-
terrupters containing contact material 1 and two de-

vices containing contact material 3.

Thus, VI resistivity measurements can give only lim-
ited information on the contact resistance of different
contact materials. However, since none of the VIs con-
taining experimental materials exhibited dramatically

increased resistivity, we do not expect large issues re-
garding contact resistance from any of the materials.

4.2 Chopping Currents

Figure 3 shows the measured chopping currents exem-
plarily for one of the tested materials. As expected, the
chopping currents of individual chops are statistically
distributed and do not follow any trend across an in-
creasing number of shots. This is true for all tested ma-
terials and suggests that the compositions of the contact
materials remain unchanged during I. testing (cf. inset
in Figure 4).

material 6

Chopping Current (A)

0 100 200 300 400
Operations

Fig.3 Chopping currents for one experimental con-

tact material.

Figure 4 shows that the distribution of I is typically
rather smooth and asymmetric. Thus, we performed >
tests on the experimental datasets for four different ma-
terial compositions to identify a suitable probability
function for modelling the statistical distribution of
chopping currents. The ¥* tests revealed that log-lo-
gistic distribution functions best fit the experimental
data.

80

Observed Frequency
s s

(]
[=]

0.0 0.3 1.0 15 20
Chopping Current (A)
Fig. 4 Representative probability density function
(bottom) found for one type of material in one vacuum
interrupter. Inset: photograph of an experimental con-
tact after chopping current testing.
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Table 2 Parameters describing the statistical distribution of experimental chopping currents for the tested contact
materials: Total number of measurements Ny, average and median L. as well as the number of chopping events
with I > 3 A were determined directly from the experimental data, while the parameters o (median) and s (spread)
were derived from the corresponding log-logistic probability functions.

Composition (wt. %) Nwt | Average Ic (A) | Median Ic (A) | Nic>34 | @ (A) | s(A)
1 | WC60 Ag40 400 0.938 0.913 0 0.874 | 0.276
2 | WC60 Ag37 Co3 376 1.380 1.348 1 1.297 | 0.244
3 | WC60 Ag32 Cu5 Co3 313 1.569 1.502 7 1.492 | 0.190
4 | WC60 Ag27 Cul0 Co3 188 1.666 1.586 0 1.594 | 0.174
5 | WC60 Agl0 Cu30 175 1.850 1.699 10 1.733 | 0.194
6 | WC70 Ag27 Co3 400 0.792 0.742 0 0.750 | 0.204
7 | WC60 Agl7 Cu20 Co3 add.0.1 92 1.335 1.326 0 1.295 | 0.174

Log-logistic distribution functions are characterized by
a rather heavy right tail, corresponding to significant
probabilities of large chopping current events. This dis-
tribution is described by the following cumulative dis-
tribution function:

xB

F=—I
af +xP

Here, the parameter o>0 is a scale parameter and the
median of the distribution. The parameter f is a shape
parameter signifying a unimodal distribution if f>1. f
is the inverse of the spread of the distribution s, so that
the dispersion of the distribution increases with in-
creasing s. Fitting the parameters of this function to the
experimental results for all experimental materials, al-
lowed the determination of the parameters of the L. dis-
tribution (Table 2).
2

Chopping Current (A)

1 2 3 4 5 6 7
Fig.5 Average (black) and median (dark grey) Ic
from the experimental datasets of the tested contact
materials compared to the scale parameter a of the cor-
responding probability density functions (light grey),
also representing the median of the distributions.

The average and median chopping currents as meas-
ured for materials 1-7 are plotted in Figure 5, along
with the parameter a of the corresponding log-logistic
distribution functions. Due to the asymmetric distribu-
tion of chopping currents, the median I. of the experi-
mental datasets is always somewhat smaller than the
average. The scale parameter a of the fitted probability
density functions corresponds well to the medians of

the experimental data, so that this value will be used
for comparisons throughout this paper.

Material 1 is the commercial WC60 Ag40 material and
exhibits a comparatively low median I 0of 0.91 A in our
test setup. From materials 1 to 5, where more and more
Ag is replaced by Cu and Co, I increases gradually.
Already the presence of the sintering aid Co (3 wt. %)
in material 2 induces a significant increase in I.. This
behaviour can be explained by the lower vapor pres-
sures of Co and Cu.

Material 7 exhibits a moderate median I. of 1.33 A,
comparable with that of material 2. This is quite sur-
prising, considering their very different compositions
(cf. Table 1). Even though large amounts of Ag are re-
placed by Cu and Co in material 7, the additive-con-
taining contact material still performs similarly to Cu-
free material 2.

The WC-rich material 6 exhibits the lowest chopping
currents of all materials. Here, the high WC content is
expected to lower the thermal conductivity of the con-
tact material, improving the chopping behaviour.

4.3 Vapor Pressure Correlation

The gradual replacement of Ag by Cu (and Co) in ma-
terials 1 to 5 enables a more quantitative understanding
of the relationship between vapor pressure and I.. Since
the thermal resistances of Ag and Cu are comparable,
the vapor pressures of these two elements should be the
main cause for different chopping currents in the same
test setup.

Thus, we plotted chopping currents against estimated
vapor pressures at 2400 K (close to the boiling point of
Ag) for all materials (Figure 6). Assuming ideal mix-
tures of the metal matrix elements in the liquid phase,
the vapor pressures were calculated according to Ra-
oult’s law as the sum of the vapor pressures of the com-
ponents weighted by their respective mole fraction.
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Fig. 6 Median chopping current (from the distribu-
tion functions) against estimated vapor pressure at
2400 K: Except for materials 6 and 7, all data points
were fitted with an exponential function that shows
good agreement with the experimental data.

Figure 6 shows an exponential correlation of median I
to vapor pressure for materials 1 to 5. This relation is
rather unfavourable for vacuum contactor applications,
as slight deviations from the reference WC60 Ag40
compositions towards cheaper components already
have a large detrimental effect on chopping current.

The chopping currents for materials 6 and 7 clearly de-
viate from the exponential correlation, presenting op-
tions for decreasing chopping currents independent of
changing vapor pressures.

For material 6 (WC70 Ag27 Co3) this is easily ex-
plained by the WC-rich composition that is expected to
increase the thermal resistance of the material. How-
ever, the high WC content also makes for harder con-
tact materials with lower bulk electrical conductivity
(cf. Table 1). Thus, the improved chopping behaviour
of material 6 likely comes at the cost of increased con-
tact resistance inside VIs. Consequently, the optimum
balance of chopping current and contact resistance can
be obtained by adjusting the WC:Ag ratio in electrical
contacts for vacuum contactors accordingly.

For material 7, the case is not so clear. This material
contains small amounts of a finely dispersed additive,
which might affect thermal resistance or other proper-
ties like the work function, which have been proposed
to impact the chopping currents of contact materials [7]
[12]. If this is the case, then the addition of such finely
dispersed material presents a way to reduce chopping
currents of Ag-reduced contact materials.

4.4 Probability of Large Chopping
Currents

For application in vacuum contactors, individual cur-
rent chops with very high I. are most problematic as the
induced voltage surges can damage downstream loads.
Consequently, the suitability of a contact material for a

specific contactor application does not depend on its
average or median I, but on the probability of chops
occurring above a certain, potentially damaging chop-
ping current.

Thus, the suitability of different contact materials
should not only be evaluated using average, median or
even maximum I from a limited number of tests. Ide-
ally, one would evaluate the probability of current
chops with damagingly large I. for the specific appli-
cation to select an appropriate contact material. Exem-
plarily, the obtained probability density functions for

materials 1, 2 and 7 are plotted in Figure 7.
1.5

Probability Density (%)

Chopping Current (A)
Fig. 7 Log-logistic probability density functions for
the chopping currents of materials 1 (solid line), 2
(dashed line), and 7 (dotted line) as determined from
the experimental datasets.

For our materials evaluation, we arbitrarily selected
3 A as a cut-off for allowable L. Using the probability
density functions of the tested materials, the probabil-
ity for critical chopping currents above 3 A can now be
determined (s. Figure 8).

10

iﬂ“i:é

Fig. 8 Probability of current chops with I > 3 A for
VIs containing the tested contact materials. Error bars
signify 95 % confidence intervals. The data was calcu-
lated from the respective probability distributions.

Probability (I, > 3 A: %)

The confidence intervals for the probability of large
current chops are rather large, so that an unambiguous
ranking of the tested contact materials is not reasona-
ble. However, it is obvious that partial substitution of
Ag by Cu and Co in materials 2-5 increases the likeli-
hood of critical current chops significantly. The lowest
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probability for large current chops is observed for the
WC-rich material 6. These results follow the trend ob-
served for the respective average chopping currents.

Interestingly, the probability of critical current chops in
VIs with contact material 7 is also very low, compara-
ble to that of reference material 1. For our scenario,
material 7, which contains only 17 wt. % Ag, would
thus be as suitable as the commercial WC60 Ag40 ma-
terial. This promising result originates from the rather
narrow distribution of chopping currents (s. inset in
Figure 7).

5 Conclusions

The chopping currents of different WC/Ag-type con-
tact materials in vacuum interrupters were evaluated to
identify opportunities to reduce the content of expen-
sive Ag. Partial replacement of Ag by Cu (and small
amounts of Co) increases . significantly, observing an
exponential correlation to estimated vapor pressures.
Cu-containing materials with lower vapor pressures
could however exhibit better interruption capability
[6], allowing a contact material selection according to
an optimal balance of chopping current and interrup-
tion capability.

Two of the tested materials present possible strategies
towards Ag-reduced contact materials with low chop-
ping currents. Increasing the WC:Ag ratio decreases
the thermal conductivity of the material and thus lead
to lower I.. As this compositional change comes at the
expense of poorer contact resistance, this approach is
limited. Nevertheless, adjusting the WC:Ag ratio to-
wards an optimal balance of chopping current and con-
tact resistance may be worthwhile.

A WC:Ag-type contact material containing a finely dis-
persed additive also presented surprisingly low chop-
ping currents. Further investigations are necessary to
clarify which mechanism enables this behaviour. Alt-
hough the average chopping current of the latter mate-
rial is still significantly higher than that of standard
WC60 Ag40 contacts, a statistical analysis of the ex-
perimental results shows that the probability for the oc-
currence of critically large chopping currents is similar.
Our results suggest that vacuum contactors containing
a contact material with a Ag content of only 17 wt. %
could exhibit the same low risk for damaging surge
voltages as traditional WC60 Ag40.

6

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

Literature

Slade, P. G.: The Vacuum Interrupter: Theory, De-
sign, and Application. Boca Raton: Taylor &
Francis Group, LLC, 2008

Smeets, R. P. P.; Kaneko E.; Ohshima, I.: Experi-
mental Characterization of Arc Instabilities and
Their Effect on Current Chopping in Low-Surge
Vacuum Interrupters. [EEE Trans. Plasma Sci.
vol. 20 (1992) no. 4, pp. 439 - 446

Lee T. H.; Greenwood, A.: Theory of the cathode
mechanism in metal vapor arcs. J. Appl. Phys.
vol. 32 (1961) no. 5, pp. 916 - 923

Lee, T. H.; Greenwood A.; Polinko, G.: Design of
Vacuum Interrupters to Eliminate Abnormal
Overvoltages. Trans. Am. Inst. Electr. Eng., Part
3 vol. 81 (1962) no. 3, pp. 376 - 382

Ochi S.; Miyamoto S.; Koga H.; Kan, N.; Harada,
T.; Ito, T.; Koyama K.; Yamade, S.: The Effect of
contact material composition of AgWC and Axial
Magnetic Field intensity on interrupting capabil-
ity and chopping current. XXIInd International
Symposium on Discharges and Electrical Insula-
tion in Vacuum. Matsue, 2006, pp. 285 - 288
Temborius, S.; Lindmayer M.; Gentsch, D.: Prop-
erties of WCAg and WCCu for Vacuum Contac-
tors. IEEE Trans. on Plasma Sci. vol. 31 (2003)
no. 5, pp. 945 - 952

Slade, P. G.: Advances in Material Development
for High Power, Vacuum Interrupter Contacts.
IEEE Trans. Compon., Packag., Manuf. Technol.,
Part A vol. 17 (1994) no. 1, pp. 96 - 106

Frey, P.; Klink, N.; Michal R.; Saeger, K. E.: Met-
allurgical Aspects of Contact Materials For Vac-
uum Switching Devices. IEEE Trans. Plasma Sci.
vol. 17 (1989) no. 5, pp. 734 - 740

Behrens, V.; Honig T.; Kraus, A.: Tungsten and
Tungsten Carbide Based Contact Materials Used
in Low Voltage Vacuum Contactors. Proceedings
of the 45th IEEE Conference on Electrical Con-
tacts. Pittsburgh, 1999, pp. 105 - 110

German, R. M.: Phase Diagrams in Liquid Phase
Sintering Treatments. J. Met. vol. 38 (1986) no. 8,
pp- 26 - 29

Czarnecki L.; Lindmayer, M.: Chopping Current
and Quenching Capability of Low-Voltage Vac-
uum Arcs. IEEE Trans. Compon., Hybrids,
Manuf. Technol. vol. 8 (1985) no. 1, pp. 157 - 162
Czarnecki L.; Lindmayer, M.: Experimental and
theoretical investigations of current chopping in
vacuum with different contact materials. Pro-
ceedings of the 13th International Conference on
Electrical Contacts. Lausanne, 1986



Investigation of the Possibility of Limiting the Hazard due to

Internal Arc Faults in Medium Voltage Switchgear

Bartosz Polnik, Julian Wosik, Institute of Mining Technology KOMAG, Gliwice, Poland, bpolnik@komag.eu
Grzegorz Wisniewski, Marcin Habrych, Bogdan Miedzinski, Wroctaw University Of Science and Technology,
Wroctaw, Poland, bogdan.miedzinski@pwr.edu.pl
Stanislaw Wapniarski, ELEKTROBUDOWA S.A., Konin, Poland, eskwap@op.pl

Abstract

This paper proposes and discusses a method of fast quenching of arc faults, inside the switchgear, by forced trans-
formation into solid three-phase faults with earth. This is achieved through the use of an independent system of
three open vacuum chambers connected in an earthed star and included in the medium voltage network. This
system is activated (closed) under the influence of the increased internal gas pressure of the switchgear (due to the
electric arc) over the respective value. The results of laboratory tests of the effectiveness of such a system during
simulated arc faults in a medium voltage network of 6kV are presented and discussed. Appropriate practical con-

clusions are formulated.

1 Introduction

Medium voltage switchgear belong to the most widely
used power equipment in industry, municipal services
and transport. There has been a tendency for several
years to build them in metallic housing to meet the
electric arc protection requirements [1]. Due to eco-
nomic reasons they are currently made as hermetic and
compact small sized. The small dimensions reduce the
costs of the structure and allow for location the switch-
gear inside much smaller and therefore cheaper space.
The small size of the modern switchgear structure re-
sults from the much smaller geometrical dimensions of
the basic components and the denser filling of the space
with apparatus (busbars, disconnectors, current and
voltage transformers as well as fuses, earthing
switches, support and bushing insulators, drives, etc.).
However, high density of electrical apparatuses inside
individual shielding compartments, can lead, under
some conditions, to an increased probability of high-
current internal short circuits. The most common rea-
sons are due to:

- human errors (prefabrication stage, tools left after
maintenance and/or repairing),

- design errors,

- structural defects of the apparatus as a result of both
aging and insulation degradation,

- long-lasting overloads,

- internal and/or external (atmospheric) overvoltages,
- unintentional leaving of the loosed electrical connec-
tions after measuring on cables,

- animals

It should be underlined that for such compact structure
of the switchgear bay the increased heat generation and
internal gas pressure under internal arc faults are key

factors [2-5]. However, for correctly designed structure
and carefully selected equipment the damage during in-
ternal solid faults is not dangerous. But, such faults are
seldom and are quickly switched off due to high short
circuit current value. Besides, switchgear are subjected
to short-circuit capacity tests according to standards
[6]. Their ability to conduct short-time withstand cur-
rent (thermal resistance) and peak rated withstand cur-
rent in anticipated operating conditions (dynamic
strength) are checked. The most serious problems oc-
cur during transient faults with intermittent arcs (e.g.
earth faults) [7-10]. The thermal damage and /or de-
struction of the bay can occur along with the dynamic
damage of the switchgear housing. It is of course re-
lated to value and time of the short-circuit current flow
therefore, on amount of energy released in the arc col-
umn. This usually results in long-term shutdown of the
bay or switchgear from operation. In recent years,
many ways have been developed to reduce the effects
of the internal short-circuit with electric arc. Of course,
they usually come down to shortening the short-circuit
current flow time and limiting its value. The use of the
common circuit breakers results in long duration of the
internal faults (protection operation time + circuit
breaker time) of around 60-100 ms, despite the use of
optoelectronic arc detection. It doesn’t live up to ex-
pectations. So, a more effective and faster solution is
needed.

This paper proposes and discusses a method of fast
quenching of an arc fault ,inside the switchgear, by
transforming it into a solid three-phase fault with earth.
This is achieved through the use of an independent sys-
tem of three open vacuum chambers connected in an
earthed star and joined to medium voltage networks.
The system has been developed using vacuum cham-
bers for a required MV value and is activated (closed)
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under the influence of the increased internal gas pres-
sure of the switchgear (due to the electric arc) over the
respective value. This solid 3-phase fault can be then
effectively detected by protections (including optoelec-
tronic) and quickly tripped by switches. The results of
laboratory tests of the effectiveness of such a system
during simulated arc faults in a medium voltage net-
work (6 kV) are presented and discussed. Appropriate
practical conclusions are formulated.

2 Study of the effects of the
internal faults in distribution
switchgear at permanent and
heavy arc short circuits

2.1  High current solid faults

High-current solid short-circuits, that are relatively
rare, create, for correctly selected apparatus for short-
circuit conditions, a relatively low danger. Of course,
provided that they are turned off in a sufficiently short
time by circuit protections and switches. The threat for
the switchgear is mainly related to thermal and dy-
namic strength [4,11]. Before commissioning, the
switchgear is subjected to appropriate short-circuit ca-
pacity tests [6,12]. The authors for testing selected a
switchgear with the following rated data U,=12 kV,
1,=1250 A. For solid short-circuits the withstand short-
circuit current is equal to 25 kA for 3 s. Whereas, dur-
ing the heavy arcing faults duration of the flow time of
the same (25 kA) current value is reduced to 0.3 s. View
of an example switchgear selected for testing on the
test stand is shown in Figure 1.

Fig. 1
stand

View of distribution switchgear on the test

Electrical diagram of the system for testing the ability
of the switchgear to conduct short-time withstand cur-
rent and withstand peak short-circuit current is shown
in Figure 2.

During the tests, currents in the main circuits were
measured and recorded. After tests, the state of the
main elements, equipment and the circuit breaker was
inspected. Examples of the measured short-circuit cur-
rent waveforms when checking the ability of the

switchgear to conduct short-time short-circuit current
and withstand peak current are shown in Figure 3. The
proper selection of apparatus for short-circuit condi-
tions and a small amount of heat released in the main
current circuit during permanent short circuits testify
that the switchgear is not damaged and is suitable for
further operation.
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Fig. 2 Diagram of the test circuit to check the ability
of the switchgear to conduct short-time withstand cur-
rent and withstand peak short-circuit current (TO-
tested object, G-generator 350 MVA, PT-transformer)
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Fig.3 Registered short-circuit currents under testing
the ability to conduct short-time withstand current and
withstand peak current

2.2 Heavy current arc short-circuits

The effects of internal arc faults are much more dan-
gerous. As a result, the short-circuit current duration
must be significantly reduced. The degradation of the
switchgear and its components results from both the
high arc temperature and the increase in pressure of the
surrounding gas (usually air). Therefore, thermal dam-
age/destruction of the insulation, evaporation of metal-
lic parts, perforation of the casing or its deformation
(especially in switchgear with a high degree of IP pro-
tection) apparatus damage, etc. may occur. This usually
leads to long-term shutdown of the switchgear. There-
fore, there is an urgent need to limit these effects by
reducing the amount of thermal energy released in the
arc column. Shortening of the arc duration by quick
shutdown using the circuit breakers, gives poor results.
It is due to a rather long tripping resultant time. This
time consists of a short-circuit protection operation
time of 20-40 ms, the operating time of the circuit
breaker 40-100 ms and additional time due to grading
of short-circuit protection what is from several hundred
ms to 1 s. In extended power systems can reach up to
2.5 s. Under these conditions, the total breaking time
of the arc fault can reach several hundred ms and even
more. Thus, the arc energy can lead to irreversible dam-
age of the switchgear. For this reason, it is so important
to know the phenomenon of electric arc so that you can
effectively counteract this damage.



The most common switchgear use so-called solid-air
insulation. According to the literature, an arc burning
in these conditions is a free arc. Its parameters are in-
fluenced by environmental conditions (air) and elec-
trode material [4,9,13].

Ignition of the arc requires a sufficient number of elec-
tric charge carriers (electrons, ions) inside the inter-
electrode space. In order for the electric discharge to
take the form of an electric arc, the conditions for min-
imum voltage and current must be met. Therefore, the
voltage must be higher than ignition value (u > u,) and
the current —over the discharge limit current (I > i,). For
example, these values are as follows [4,13]:

- for iron electrodes (Fe) u, = 13-15V, i, =0.3-0.5 A,

- copper (Cu)u, =12 V,ig;=04A,

-silver (Au)u, =12V, i, =04 A.

The radial temperature distribution in the arc column
for two different gases is shown as an example in Fig-
ure 4 [3]. The outer surface of the arc column is called
the covering. Its temperature is around 1000°C (this is
the value at which gas dissociation practically disap-
pears).
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Fig. 4 Radial temperature distribution in an arc col-
umn [7]

Fig.5 Current and arc voltage waveforms (in resis-
tive circuit), U -ignition value, (t,-t,)-power-off time

100, A

Fig. 6 Dynamic characteristics of the AC arc

For example, Figure 5 shows the current and arc volt-
age waveforms, whereas, Figure 6 - the dynamic char-
acteristics of the AC arc respectively.

The arc column composed of a core and a covering for
analytical purposes, is most often represented in the
form of a cylinder whose diameter results from the bal-
ance of forces acting inside it. The discharge environ-
ment is a plasma consisting of electrons and ions (usu-
ally positive) and non-ionized particles (atoms, mole-
cules and macromolecules of the substance). Outside,
the plasma remains an inert gas. This environment can
be analyzed in scales:

- microscopic,

- macroscopic.

For a microscopic scale, the analysis concerns the
properties of particles and their interactions, taking into
account the electric and magnetic fields. The purpose
is to describe the paths of particle movement, their col-
lisions and the energy processes that occur at the time,
which makes it possible to determine the statistical dis-
tribution of the degree of dissociation, recombination
ionization and the emission of spot components.
Whereas, for a macroscopic scale, the analysis con-
cerns observation of the gas in an average way because
the plasma is treated as a continuous medium for which
the equations of mass, momentum and energy conser-
vation of particles [2,8,9,13] are valid. After consider-
ing the interaction of electric and magnetic fields, such
models are called magnetohydrodynamic models. The
physical processes occurring in the arc column in the
gas are determined by the electrical, thermal and flow
properties of the gas. They are characterized by the
concentration of "n" ions, density "p", free path "I",
electrical conductivity "G,", thermal conductivity "A",
specific heat "¢," and "¢," (at constant pressure and vol-

" n

ume), specific enthalpy "4", dynamic viscosity "#", and
sound speed "V,", which depend on the pressure "p"
and temperature "@". Most gases, including nitrogen
and oxygen, which are the main components of air, oc-
cur in the form of diatomic molecules (N2, O>).

Diffusion occurs when at ambient temperature during
collisions of molecules instead of elastic collisions, the
molecules break down into atoms, (if the kinetic energy
of the molecule is greater than the chemical bonding
energy). The degree of gas dissociation X, and the de-
gree of ionization of gas Xj are determined by the Saha

equations.
- gas dissociation degree:
X; e
K lpcee )
(1-x7)

- gas ionization degree:

g0 @
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where: p - gas pressure, wy - dissociation energy (9.78
eV for Ny), O - temperature, k£ - Boltzman constant
(1.38 x 10-23Ws/K), ;= 7000 K for N,, ©;= 4000 K
for O,.

Power delivered to the electric arc:

j i, Jde=U 3

av art —ty

aty—
g d ty

Energy provided to the electric arc:

I |ld |dt Uav Qa gty (4)

1,» — average arc current value, U, — equivalent arc
voltage, where:

at—tl_

le

J. u, i dt
— ! (5)
Uav,tg -ty ‘ig

J

lq

i,|dt

The energy processes in the arc are described by equa-
tions (3) - (5) [2,4,7].

When considering air as a perfect gas enclosed in a
sealed compartment of the switchgear in which an arc-
ing short circuit can be expected, the air temperature
will increase approximately [2,13]:

U w ©)
C,rV,

do® =

where:
¢y - specific heat of an air in a constant volume, y - air
density.

This increase of temperature d results in the increased
gas pressure 4p by about

A, (t)=k, K=l w, (7
Vg

where:
k: - heat transfer coefficient depending on the electrode
material [4], k - adiabate coefficient, V- volume of the
compartment, W, (t) - energy generated in the arc ac-
cording to (4).
Tests of resistance to internal arc faults were performed
for the same 12 kV switchgear. Arc faults were initiated
as in Figure 8. Due to the safety of the personnel in the
switchgear a special shield called the arc flash indicator
as seen in Figure 7 was used.
The effect of an internal arc fault in the tested 12 kV
switchgear can be observed in Figure 9 whereas the
measured current waveforms in Figure 10.

Fig. 7 View of the arc flash indicators used for the
test

Fig. 8 View of the modelled arc initiation
’ T

Iy

Fig. 9 View of the switchgear during internal arc
fault test
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Fig. 10 Current and voltage waveforms during a
three-phase internal arc fault in a distribution switch-
gear (25 kA, t. = 300 ms)



3 Proposed method to reduce
the effects of the heavy cur-
rent internal arcing

Analyzing the effects of internal short-circuits in me-
dium voltage distribution switchgear under solid (me-
tallic) and arc short-circuits, it was found that short-
term metallic short circuits implemented in laboratory
conditions, do not cause significant damage to the
switchgear. The rated duration of the short circuit dur-
ing these tests did not exceed £.<3 s. According to [7]
for LV switchgear, the extent of damage under heavy
current internal arcing should be considered as depend-
ent on the value and duration of the short-circuit cur-
rent (energy generated in the arc). The scope of neces-
sary repair work due to this is also specified. For the
arc duration below 100 ms (with energy released in the
arc up to 100 kJ), no significant damage was found ex-
cept this of sooting. To bring the switchgear back to
service only cleaning the apparatus from sediment is
required. Considering the above statements, one should
strive to quickly eliminate arc faults or to transform
them into short-lasting solid short circuits with a small
amount of released energy. The quick-disconnection
methods known from the literature, apart from the rel-
atively long operation time of the circuit breakers, re-
quire constant monitoring of the circuit by various
types of protections and triggering systems as well as
maintaining them in continuous efficiency and periodic
control.

In this paper is recommended a very fast passive sys-
tem for converting an arc fault, especially phase-to-
phase, into the solid fault. For this purpose, a system of
3 fast earthing devices connected in a star was used.
They are based on appropriately adapted vacuum cir-
cuit breaker chambers whose view for one phase is il-
lustrated in Figure 11. After the quick earthing switch
is activated (under the influence of an increased gas
pressure inside the switchgear volume) the electric arc
is extinguished. The flowing solid earth fault current
gives long enough time to switch it off by short-circuit
overcurrent protection and circuit breaker. This solu-
tion is approved for use by international regulations
[14].
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Fig. 11 View of one phase of a fast earthing device; 1-
cylinder with spherical surface, 2-return spring, 3-
movable contact, 4-stationary contact, S-insulating
sleeve, 6-metal shield, 7-bellows

The vacuum switch chamber used was placed inside
the insulating sleeve 5. The movable contact of the vac-
uum chamber 3 is normally kept in the open position
by the pulling spring 2. This spring rests on one end
with the insulating body of the vacuum chamber 5 and
the other with the nut on the end of the rod being the
moving contact extension. The movable contact is con-
nected by a flexible cable to the respective phase. Ter-
minal of the stationary contact 4 is connected to a
grounding rail. The stationary and movable contacts
are located inside a metallic sleeve connected to the
elastic sealing bellows. The metallic sleeve protects the
walls of the vacuum chamber against direct deposition
of metal vapours from the contacts. The increase in the
gas pressure under an arc fault (according to (7)) results
in a shock wave, which gives the force closing the con-
tacts. To obtain the appropriate axial contact force, a
cylinder closed on one side with a spherical surface 1
(piston effect) was mounted on the plunger. The spher-
ical surface of this cylinder makes it possible to provide
a closing force value capable to overcome the re-
sistance of the back pulling spring of the movable con-
tact. It is performed. Regardless the direction from
which the shock wave originates, i.e. regardless of
where the short circuit occurs inside the switchgear.
Compared to earlier solutions, this system is much sim-
pler in structure and cheaper to operate. Appropriate
tests were performed to check the effectiveness of the
proposed system. The arc fault in the switchgear was
initiated by means of the arc initiation wire as shown
in Figure 8. Short-circuit currents and voltages in all
phases as well as the gas pressure occurring in the con-
nection compartment of the switchgear were measured
and recorded. The results are shown for the example in
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Fig. 12 Current and voltage waveforms as well as the
gas pressure inside the connecting compartment under
three-phase arc fault inside the switchgear equipped
with an earthing device

The arc fault was transformed into a metallic fault and
quickly tripped by the circuit breaker. The whole pro-
cess took less than 100 ms. During the switchgear in-
spection, no damage to the electrical apparatus and ca-
bles was found except for weak, easy to remove soot-
ing at the fault initiation site.
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4 Conclusions

The proposed method in the paper to reduce the effects
of internal arc faults inside medium voltage switch-
gears by transforming them into solid earth faults and
clearing by commercial protections and switches has
proved to be very effective. As a result the irreversible
damages to electrical apparatus by an electric arc are
eliminated. Fast clearing of the effects of short-term arc
faults allows also to avoid power outages and elimi-
nates therefore financial losses related to the costs of
replacement / repair of electrical apparatus and due to
interruptions in power supply to consumers.
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Abstract

Medium voltage load break switches are required to perform a number of making operation while passing of short
circuit current that could be more than tens of kiloamperes. Using air-filled devices as an alternative to SFes, which
is a high impact greenhouse gas, makes the switch more environmentally friendly but leads to more challenging
making operation due to higher arcing times and dissipated energies between the contacts. In this case, the pre-
strike arc could lead to contacts welding and degradation, which is highly undesirable. This paper reports on an
investigation of the pre-strike arc impact on erosion and welding of copper/tungsten (20/80) arcing contacts during
short-circuit making operations. For this purpose, a synthetic test circuit consisting of a high current source in
combination with a high voltage one is used. Experiments are conducted for different operation voltages, while
the short circuit current is kept constant at 22 kA. Mass loss measurement and visual inspection of eroded/welded
contacts are examined with regard to pre-strike arc impact on their degradation. The contacts are welded by three
times repeating the test at operation voltage of 20 kV and short-circuit current of 22 kA and failed to re-open.
Besides, an increase in the contacts’ mass loss with arcing time is observed while the making current is constant.

This is an indication that the pre-strike arc energy highly impacts the switch reliability and service life.

1 Introduction

Considering the crucial role of Load Break Switches
(LBS) in Medium Voltage (MV) distribution networks,
high reliable operation of MV-LBS is required [1, 2].
An MV-LBS must be able to interrupt load currents and
close under fault conditions. Making of short circuit
current results in fault current flow through the contacts
while closing. Although MV-LBS are designed to carry
fault currents of tens of kiloamperes up to few seconds
in the closed position, we should consider that the cur-
rent flow starts before contacts full touch moment
when arc formation makes a bridge between the con-
tacts, which will deteriorate the contacts’ surfaces. The
local electric field strength between the contacts in-
creases while closing, which causes a breakdown in the
insulation gas and arc burning before contacts’ touch.
The short circuit current flows through the pre-strike
arc causes high energy dissipation between the con-
tacts, which are partly absorbed by contact surfaces
leading to their melting and evaporation. Closing the
contacts with melted surfaces could lead to welding the
contacts to each other and failure to re-open, which is

one of the main reasons for failure in this type of
switches. The stresses applied to the contact are ex-
pected to be higher during making operation compared
to current interruption because of higher arc energy dis-
sipation between the contacts [3]. The dissipated en-
ergy between contacts could be limited by arcing time,
which is dependent on the dielectric strength of the in-
sulation gas. Although SF¢ supports the design of com-
pact, low cost, and reliable MV-LBS due to high die-
lectric strength, it has a high environmental impact,
which put an end to using SFe in gas-insulated switch-
gear. Regarding cost-effective and environmentally
friendly insulation gas, air or air mixtures could be an
alternative to SFe [4]. However at the pressure of one
bar, air with dielectric strength of 3 kV/mm causes
higher arcing time compared to SF¢ with dielectric
strength of 8.9 kV/mm at same making test condition
which makes the switch operation even more challeng-
ing.

From the aspect of arcing contact erosion, several
theoretical and experimental investigations have been
done [5-7]. Simulation models have been developed
based on arc-metal contacts interface to explain arc
behavior under the injection of particles and metal
vapors [8, 9]. Several parameters have been calculated,
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Fig 1. Electrical contacts made of W/Cu (80/20). Pin
is the fixed contact (cathode) and split tulip is the dy-
namic one (anode).

such as contacts surface temperature, material transfer
rate, arc temperature, thermal and electrical
conductivity [10, 11].

It has been shown that the erosion mechanism at high
current is different from the low current. Several
factors affect the electrical contacts erosion in
switching operation such as arc energy, arcing time,
gap distance, closing velocity, contacts shape, and
material properties [12]. Besides, there is still a lack of
understanding of the impact of pre-strike arc on
contacts erosion during making operation in fault
conditions.

In this work, we focus on the impact of the pre-strike
arc on the contacts degradation during making
operation. A spring-type drive test object and a
synthetic test circuit are employed. Arc electrical
characterizations and mass loss measurement are used
to find a meaningful relationship between the pre-strike
arc parameters and the contacts degradation.

2 Experimental set-up

For the test type switch, the stationary contact is a pin
with a diameter of 10 mm, and the dynamic one is a
split tulip with an outer diameter of 20 mm and an inner
diameter slightly less than 10 mm. The contacts are
shown in figure 1. The pin is the anode and the split
(a)
Making switch

>
Z N

High
voltage
source

High
current
source

(b)

Position sensor

'\“HHN! "Eé
VUMM 2
Fig 2. Schematic of the synthetic circuit (a), and the
test-object.

Solena

ring is the cathode with an inner diameter slightly
smaller than the pin to provide fully touch of the con-
tacts in closed position. The contacts are made of cop-
per-tungsten (20/80), and the closing velocity is 3 m/s.
The closing speed and the material type are chosen not
to differ too much from the commercial product. The
test circuit is a synthetic making circuit based on the
IEC 62271 standard [13]. The circuit includes two
parts; high current and high voltage sources. The high
voltage circuit supplies the test voltage for dielectric
breakdown while the switch is closing. Once the break-
down happens, a signal is sent to the high current
source to initiate the flow of the transient making cur-
rent. A schematic of the synthetic circuit is shown in
figure 2 (a). The test object is a spring-type switch with
axisymmetric arcing contacts. The synchronization be-
tween the time of breakdown by the synthetic circuit
and closing the test object is achievable through the
time setting for the release of the dynamic contact by a
solenoid magnet (figure 2 (b)) A sensor records the po-
sition of the dynamic contact over time, making it pos-
sible to record the arcing time and length while con-
tacts are closing. A Pearson current probe measures the
arc current and a 6015A Tektronix voltage probe
measures the arc voltage. To avoid the interference of
electromagnetic noises, an optical system transmits the
measured data to record them.
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Fig 3. Arc voltage at 20 kV test voltage(a) and 50 Hz
half-cycle short circuit current (b).



To make different arcing times to investigate the im-
pact of pre-strike arcing on the contacts erosion and
welding, two test voltages of 10 kV and 20 kV are ap-
plied to the test object with a short circuit current of
22KkA. The fault currents duration has a tolerance of one
to two milliseconds because of inaccuracy in the con-
trol system for the synthetic circuit. The difference
does not make significant changes in the pre-strike arc
current since di/dt is approximately constant in all the
tests.

In order to figure out how long the eroded contacts can
withstand fault conditions, each test has been repeated
on the same set of samples until they weld to each
other. The arcing time and mass loss are measured after
each test. Figure 3 shows a typical arc voltage and cur-
rent waveforms. The voltage waveform shows a sharp
fall from the dielectric breakdown voltage at 20 kV to
arc voltage, which is in the order of tens of volts. The
first 50us of the voltage fall is neglected due to inter-
ference with electromagnetic noises caused by air
breakdown. Because of limitation on oscilloscope
bandwidth, the arc voltage is measured for the first mil-
lisecond of arc burning while expecting to decay
slightly to 13 V, which is the minimum voltage drop
across the plasma sheath in front of the contacts [12,
14]. Figure 3 (b) shows the 50 Hz half-cycle of
sinusoidal current with an amplitude of 22 kA. The
waveform is divided into two parts. The pre-strike arc
burns for 2.2 ms, while the current rises to ~9 kA. The
rest of the current passes through the contacts when
they are in touch.

For the sake of accuracy in the obtained results, each
test has been repeated for three different samples. The
contacts were cleaned after each test, and the mass loss
was measured with an accuracy of 0.00001 gr.

3 Results

A summary of results including number of tests at two
test voltages of 10 and 20 kV with constant fault cur-
rent of 22 kA is shown in Table 1. The results show an
increase in mass loss with pre-strike arcing time by re-
peating the test at each specific sample. The highest
arcing time is measured for samples 02 and 03 for the
third time of repeating the test (3%-Table 1), which is
about four milliseconds and resulted in welding of the
contacts. The pre-strike arcing current rises to ~20 kA
before the contacts’ touch.

At the test voltage of 10 kV, the results show the mass
loss is higher for the second time of repeating the test
than the third time. Even for the test voltage of 20 kV,
there is a slight difference between the mass loss for the
second and third times of repeating the tests. This is an
indication of arc ignition at different spot of the
contact’s surface.

Visual inspection of the pin's eroded area at different
test conditions is taken to clarify the difference in mass
loss changes. Figure 4 shows the pin's eroded surface

for the first and the second samples of each test voltage.
The arc ignites at a random spot on the contact’s
surface by air breakdown. At the test voltage of 10 kV,
arc hits the same spot in case of sample one, while for
sample two at the second time of repeating the test, two
spots close to each other are observed in the side view
of the contacts, and eroded surface is larger compared
to sample one at the second time of repeating the test.
Therefore, hitting at the same spot for arc ignition
causes higher mass loss, which could be a reason for
electric field enhancement at sharp points or more
conductive area due to aggregated molten copper
compared to the rest of the contact's surface.

For the test voltage of 20 kV, the contact is eroded for
more than 50 % of the first test's surface area. The mass
loss at this test condition is more than ten times higher
than the test voltage of 10 kA. For the second time of
repeating the test, the erosion almost covered the whole
contact’s surface. After the third time, the contact’s
surface is totally burnt for sample one, and some
deformation on the contact’s shape is observed on the
side view of the pin. The third time of repeating the test
for sample two at test voltage of 20 kV and short-circuit
current of 22 kA, causes the contacts to weld and fail
to re-open.

Table 1. The arcing time and mass loss for each test
and repeated for three times for test voltage of 10 kV
and 20 kV with constant fault current of 22 kA.

Breakdown Voltage: Number of tests
10 kV 1st 2nd 3rd
= Arcing time 1.13 1.37 1.37
P (ms)
E Massl
£ ass loss 6.62 35.1 32.08
Z (mg) ‘ v ’
a Arcing time 115 1.32 1.37
< (ms)
£ Mass loss
E 7.32 13.99 24.08
@ (mg)
Arcing time
« 0.98 1.41 1.47
2 (ms)
B Mass 1
§ ass loss 3.96 53.28 28.64
7] (mg)
Breakdown Voltage: Number of tests
20 kV 1st 2nd 3rd
- Arcing time
2.5 3.35 2.855
Z (ms)
3
3 Mass loss 67.44 203.68 104.59
(mg)
«  Arcing time 218 2.73 4.45
S (ms) ‘ ' '
E Mass 1
E ass [0ss 69.71 86.8 33447
7] (mg)
o Arcing time 262 2.62 3.58
< (ms)
g Mass loss
§ 65.46 128 336.01
@ (mg)
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Fig 4. Eroded contacts’ surface after each three times repeating the test at test voltage of 10 kV and 20 kV when
a short circuit current of 22 kA passed through the contacts.

4 Discussion

Making operation of MV-LBS under fault condition is
the main failure reason of the switch. The switching
behavior at different pre-strike arcing times with the
same short circuit current has shown the interaction
between the arc and the contacts could have a
deteriorating impact on switch service life by heating
up the contacts surfaces to melting and evaporation
points and occasionally welding them to each other in
the closed position, as has occurred after three times of
repeating the test at the voltage of 20 kV and fault
current of 22 kA. At test voltage of 10 kV, although the
contacts could withstand a couple of times more than
the eroded contacts at 20 kV, we should take into
account that gradual erosion of the contacts could lead
to shortening the length of the contacts that would
cause failure in current interruption.

Mass loss measurement is a proper method to get an
approach on the contacts' erosion and prediction of the
switch failure, though it needs a dedicated assessment
of the results. At test voltage of 10 kV, the second time
of repeating the test shows higher mass loss compared
to the third time. It can be seen in figure 4 for the
contacts surface erosion at 10 kV that the arc did not
ignite at same spot by dielectric breakdown. For
contacts with smaller front area, the arc could initiate
from the same spot each time, enhancing the erosion
and shortening the switch service life. Therefore, the

size of the contacts plays a crucial role in enduring
longer under fault conditions.

Regardless of the eroded area impact on pre-strike
arcing time, the mass loss for different arcing time is
plotted in figure 5. The results show an increase in pre-
strike arcing time causes higher mass loss and erosion
of the electrical contacts. Higher arcing time does not
necessarily lead to higher energy dissipation between
the contacts since the increase in arc current in the
order of kiloampers follows by a slight decrease in arc
voltage. However, higher arcing time means more time
for heat conduction between the arc and the contacts to
melt and evaporate the metal surfaces. In the closed
position, the melted metals cool down and could weld
the contacts to each other.

The obtained results indicate that the rate of contact
erosion caused by making operation is increasing with
increasing arcing time which is mainly because of
partly absorption of dissipated arc energy by contacts’
surfaces. Therefore, if the contacts are in full-touch in
the closed position, the erosion only depends on the
pre-strike arc time and energy, not the amount of short-
circuit current. Therefore, the influential factors and
involved parameters in the switch operation should be
designed to decrease the impact of pre-strike arc to
improve the switch service life.
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Fig 5. Mass loss as a function of arcing time when the
short circuit current is kept constant (22 kA)

5 Conclusion

The electrical arcing contacts erosion/welding in an
MV-LBS during making operation was investigated to
understand the impact of the pre-strike arc before the
contacts touch on switch failure. Experiments were
conducted for test voltages of 10 kV and 20 kV, while
the 50 Hz half-cycle sinusoidal short circuit current
with peak of 22 kA was kept constand.

The results showed switch failure to re-open after three
times repeating the test on the same set of contacts at
test voltage of 20 kV. Further, an increase in mass loss
with arcing time at the same current proved the impact
of pre-strike arc on the contacts erosion/welding.

This work should be continued by further studies on
optimizing the switch design and finding the
interrelation between different parameters involved in
switch operation like the speed of closing and the
contacts material to minimize the impact of pre-strike
arc on the contacts welding.
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Abstract

In recent years, the new energy fields such as electric vehicles, photovoltaic power generation and electric
aircraft develop so rapidly that DC contactor demand has been increasing dramatically. Under the development
trend of high voltage and large current for contactor, it is more difficult to improve the arc extinguishing perfor-
mance only from the structural design. It is necessary to study the performance and selection of different arc
extinguishing gas. However, the various arc extinguishing gases, their mixing ratio and their arc quenching char-
acteristics are not quite clear. In this paper, the arc properties of insulation gases such as H», N, CO,, air, and
different mixture ratio of N»-H» have been researched through experimental tests. The results are as follows: The
thermal conductivity of H» arc is high, which is good for energy dissipation when small current, however, the N,
arc is more unstable, which is benefit for dissipation when large current. Better comprehensive 20%N; has better
comprehensive properties including arcing time, heat dispersion and heat recovery rate than others.

1. Introduction

The new energy fields such as electrical vehicles,
photovoltaic power generation and electric aircraft, re-
quire greater electrical power for their increasing direct
current (DC) loads and drive, therefore, the high volt-
age cables and electrical devices up to 500Vpc are re-
considered and redesigned. In the future even higher
supply voltage, as high as 1000Vpc, will be used in
electrical system for higher energy efficiency and
lighter weight. The DC high voltage contactors and
protector devices are necessary components in the sys-
tem to carry out the distribution and the protection of
the electrical energy.

The increasing voltage has serious influence on the
interrupting capability and electrical life of contactor
and circuit breaker. As the voltage increases, the arc is
difficult to extinguish so that contact erosion even
contact welding will be more severe [1]-[4]. It is diffi-
cult to be extinguished for DC arc for its property of
no natural zero. It is of great significance to extin-
guish the arc and shorten the arc time as soon as pos-
sible to protect load and whole electrical system.

Usually, the lengthening of the arc and increasing
the arc voltage are main effective methods to shorten
arc duration and extinguish arc. In DC contactor, the
bridge-type contact system to double the arc voltage
and applying a magnetic field near the electrodes to
drive and bend the arc are widely used in the industry.
Liu XY et al. researched the influence of external trans-
verse magnetic field on the characteristics of the low
pressure direct current arc [2]. Sekikawa et al. meas-
ured the breaking arc duration in a 450Vpc/10A resis-
tive circuit when driven by transverse magnetic field

with permanent magnets [3]. X. Zhou et al. presented
arc behavior of three kinds of bridge-type contacts
switched at resistive load in range of 300Vpc to
750Vpc and their experimental research [6]-[8]. Be-
sides, high power DC contactors are always sealed with
different arc extinguishing gas for cooling arc and in-
creasing arc voltage. Yuji Shiba et al. tested the arc
break characteristics at voltage 25Vpc-600Vpc, current
30A-250A, gas pressure 0.1Mpa, in sealed inflatable
equipment, and got conclusion that the H, had higher
arc voltage and 80%H>-20%N, was most effective
mixture ratio [9]. Niu CP et al. researched different
gases and gas pressure through setting a test equipment
of DC contactor, and got variation patterns of arc volt-
age, arc current, duration time and arc energy of differ-
ent gas and pressure to arc characteristics [10]. Wu J et
al. made transparent sealed arc extinguishing device to
simulate interrupting tests at 270Vpc filling H>-N, mix-
ture, and got result that the interrupting capability of H,
mixture was better than N> mixture [11]. Bo Kai et al.
researched arc dwelling and restriking characteristics
in DC high power relay, simulated arc dwelling behav-
iour during bridge type contacts opening process for
high power relays [12]-[13].

However, the previous research did not give more
kinds of gases for arc extinguishing, the arc physical
parameters of gases used in DC high power contactors
were less analyzed comparatively. In this paper, the arc
characteristics of the arc extinguishing gases: air, N,
He, H,-N; mixture, N,, have been researched. The arc
voltage, arc current, arc duration, arc current peak, arc
heat flux and arc extinction voltage are comparatively
analyzed. The most effective mixture and proper ratio
for DC high power contactor arc extinguishing are sug-
gested. This research paper will be helpful for under-



standing arc extinguishing mechanism and arc charac-
teristics of different gases filled in DC high power con-
tactors. It is also helpful for designing higher voltage
and current rating DC contactors.

2. Experimental Methods

The simplified equipment for tests consists of
sealed cavity, gas filling devices, DC high power con-
tactor and measuring equipment, power supply and
load. The DC high power contactor consists of one
movable contact and two static contacts that are all
made from pure copper, and control structure by speed
motor. The contactor is no sealable case in this research
which is different from commercial products. Because
more kinds of gases for arc extinguishing can be filled
easily into cavity surrounding the contacts. Because
this paper is focused on arc characteristics of different
gases when breaking, then the LC power is used for its
simple and adjustable properties. The arc voltage is
measured by using a high voltage probe, the arc current
is sensed by current sensor, and the data is recorded by
an oscilloscope. Arc images are taken by using high-
speed camera. Figure 1 shows the arrangement of the
experimental devices.

The high speed camera used in experiments is
Photron’s FASTCAM Mini AX100 with performance
1024*1024 pixels at 4,000fps.

| o |

Integrator | ——1{:7 [

Current

Sensor
|
|

Voltage -

Sensor "2 2 (ccp)

/ LC Power

Figure 1 Simplified experimental devices

3. Experiment Results and Analysis

In order to analyze arc characteristics of DC high
power contactors in several kinds of gases, firstly their
arc shapes are taken by High speed camera when con-
tactor being opened; secondly the arc voltage and cur-
rent data is acquired by oscilloscope and then analysed
comparatively.

3.1 Arc shape in different gases

The arc extinguishing gases include air, N2, Hz, 20%

H>-80%N2, 50% H2-50%N2, 80%H>-20%N2, 50%He-
50%N,. Their various arc shapes are taken by the high
speed camera when contactors being opened. The
images of the arc shapes captured at the same time are
shown as in Figure 2. The arc shapes and arc stability
of several gases are different from each other through
comparing the images, and the gases have influence on
arc voltage and heat dissipation performance. From the
whole arc behavior comparison, the dynamic arc
behavior including arc starting, arc elongating and arc
extinguishing can be observed clearly.

The sealed DC high power contactor was uncased,
then put into the sealed cavity. Different gases includ-
ing air, N; Hz,  20%H2-80%N,, 50%H,-
50%N,,80%H,-80%N, and 50%He-50%N, were filled
into cavity after vacuum. Arc characteristics tests were
carried out breaks, their arc voltage and current data
was acquired with probe and current sensor then rec-
orded by oscilloscope.

Figure 2 Several gases arc shapes when contactors

being open(a)air, (b)N2, (¢)Hz, (d)20%H>-80%N>,

(€)50%H2-50%N>, (£)80%H,-20%N,, (g)50%He-
50%N>

3.2 Arc characteristic analysis of different
gases

Then the test data is drawn as Figure 3 and Figure
4. From the Figure 3, the arc voltage and current wave-
forms are quite similar, which indicates the arc extin-
guishing property is almost the same. The arc charac-
teristics of 50%He-50%N; and 50%H>-50%N; are dif-
ferent, because the 50%H>-50%N, has higher arc exit-
voltage as shown in circle in Figure 3, which is helpful

for increasing the probability of successful interruption.

The He is an inert gas, which has stable property and
poor ionization capacity, therefore, the arc extinguish-
ing performance of 50%H,-50%N, is better than that
of 50%He-50%N,. The Figure 4 is shown arc voltage
and current of different mixing ratios of H> and N,. By
contrast, the peak of arc extinguishing exit-voltage in-
creases with the H» ratio goes up. Accordingly, the arc
duration is also gradually shortened.

17
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Figure 4 Arc Voltage and Current of 20%He-80%N2 and
50%H2-50%N2, 80%He-20%N2 and H>

The arc duration is critical for breaking and electrical
life. The arc duration comparison of these gases as
shown in Figure 5. As H; ratio goes up, the arc duration
of H,-N, mixture gas reduces obviously as black line.
By contrast, the He-N, mixture gas has longest arc
duration, followed by the N,. Even if air, its arc
duration is shorter than He-N> mixture gas.

The arc current peaks comparison of these gases are
shown as Figure 6. The peak of air is minimum, and
followed by N,, the main reason is related to the
conductivity and physical parameters. The heat
flux(Joule Integral,It) of these gases has a similar
pattern as arc current peak, which both reveals the arc
extinguishing properties and gases limiting capacity.In
addition, the heat flux has closely related with motion
feature of drive speed.
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Figure 5 Arc duration comparison of different

gases
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The arc exit-voltage comparison of these gases as
show in Figure 8. With the H, ratio goes up, the arc
exit-voltage of H,-N» mixture gas increases obviously,
it has an opposite pattern with arc duration. The air, N,
and He-N, mixture have lowest arc exit-voltage. And
the arc exit-voltage characterizes the thermal recovery
property of the gas.

The first peak of arc voltage first decreases and
then increases with H; ratio increasing. And there is a
minimum value at 50%H>-50%N,. The He-N» mixture
and H> have a maximum value of first arc voltage peak.



The arc time constant of different gas has great
dispersion as in Figure 9, and it is difficult to
distinguish the difference between gases.
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Figure 8 Arc exit-voltage of different gases
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The arc energy dissipation coefficient comparison
of these gases is shown as Figure 10. When the
conductance increases, the arc energy dissipation
coefficient grows significantly. The H» has highest arc
energy dissipation coefficient, He-N, mixture has
lowest arc energy dissipation coefficient, followed by
Na.
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Figure 10 Arc time constant of different gases
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4. Conclusion

The arc characteristics of different gases in DC high
power contactors through a simplified equipment, have
been investigated. The gases used for extinguishing arc
include air, Nz, Hz, 20%H2-80%N2, 50%H2-50%N2,
80%H>-20%N>, 50%He-50%N,. The parameters of arc
voltage, arc current, arc duration, arc current peak, arc
heat flux, arc exit-voltage, first voltage peak, arc time
constant and arc energy dissipation coefficient have
been analyzed, whose variation is revealed among
several gases. The main conclusions are listed as fol-
lows:

1) The arc shapes of different gases have large
difference, and their stability has obvious
variation, which will have influence on arc
voltage and heat dissipation.

2)  As the Hs ratio goes up, the arc duration of Ha-
N> mixture gas decreases obviously, and the
He-N; has longest arc duration, followed by N».

3)  Asthe H; radio goes up, arc exit-voltage of Ha-
N mixture gas increases significantly, the arc
energy dissipation coefficient increases
obviously, H; is the highest, He-N; is the worst,
followed by N.

4) In general, the performance of H, and 80% H,-
20%N; is the best in terms of heat dissipation
capacity, heat recovery rate and arc duration.
However, considering that the insulation
strength of H, is relatively low and N, is
relatively high, it is recommended to select a
mixture ratio 80%H»-20%N, for commonly
used DC high power contactors. That is con-
sistent with the research of SHIBA'Y in paper
[9].

In future, with energy storage industry, electrical
truck and bus, and photovoltaic power generation de-
veloping, the higher power and voltage DC contactors
increase rapidly in demand. The ratio of the N, of H»-
N> mixture gas helps to improve the voltage level
accordingly, for example, 1000Vpc and 1500V pc high
power contactors. The contactor with higher voltage
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(1000Vpc)will be deeply researched. And the arc
characteristics at inductive and capacitive loads will
also be studied.
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Abstract

The global photovoltaic (PV) power capacity is growing exponentially. However, the undetected arc faults would pose a severe
fire hazard to PV systems, so various advanced diagnosis techniques have been proposed especially in the last few years. This talk
presents a comprehensive review of state-of-the-art techniques for arc fault diagnosis and modeling methods in PV systems, and
the development trend of future diagnosis methods is also discussed. Diagnosis methods viewed from physical and electrical
signals of PV arc faults have been proposed for a few decades. Their capabilities and limitations are discussed, compared, and
summarized in detail. By acquiring electromagnetic radiation and sound characteristics of arc faults, diagnosis methods based on
physical signals have the advantage of the accurate identification. However, these methods show limitations for large-scale PV
systems due to the increasing interference factors in the exposed environment. Through signal processing methods such as time-
domain methods, fast Fourier transform and time-frequency transforms, much more works focus on diagnosis methods based on
electrical signals. Recently, diagnosis methods with good switching noise and system transition immunity have been introduced.
For instance, the existing Db9-based features would cause nuisance trip for the arc fault detection in grid-connected PV systems.
The Rbio3.1-based features are proposed to achieve better arc fault recognition ability. Since the field testing is costly and time
consuming, precisely modeling arc faults becomes more critical. Different types of arc fault models including dynamical state
model, stationary state model, and high-frequency component model have been reviewed and compared. In addition, future trends
about PV arc fault diagnosis methods are outlined. It is predicted that facing more complex arc fault conditions, the data
processing chip development and machine learning based classifier are of great significance to improve the detection accuracy of
diagnosis methods. Also, the detection reliability of diagnosis methods would be significantly improved without increasing the
computation time significantly.

arc faults detection of electrical appliances [8][8]. The
European Union proposed to achieve zero energy consumption
in commercial buildings by 2020. It set up a project "DC
Components and Grid" (DCC+G) in 2012, including arc faults
protection within the +380V grid [9][3]. Under this

1 Introduction

The renewable energies have drawn a great attention recently.

Many researches prove that photovoltaic (PV) energy power
systems occupy an important share in the future electricity for
the unlimited and clean features of the solar power [1][2]. The
Paris agreement and the large-scale installed PV capacity
around the world fully demonstrate the powerful driving force
for PV power generation system [3][4]. In order to ensure the
electrical safety of new energy dc system, American electrical
law NEC690.8 stipulates that PV system voltage greater than
80V must be equipped with the arc fault circuit interrupter
(AFCI) [5]. In 2011, underwriters laboratories developed the
corresponding standard UL1699B for evaluating the
effectiveness of dc arc fault detection methods in PV systems
[6][7]. In 2013, the international electrotechnical commission
formulated IEC 62606 named an international standard for dc

background, the PV arc fault detection has become one of the
hot issues to be studied.

There are two common types of arcs in life. One is called
normal arc, usually occurring in the plug or the normal circuit
break. The duration of these operations is relatively short.
Besides, the time and location of the normal arc could be
predicted with the known installation location. Therefore, the
normal arc usually would not cause damage to the line or
equipment, nor would it easily cause electrical fire. The other
one is arc fault, which is almost irregular and damaged.
Because the location and time of arc faults occurred in the
system cannot be determined in advance, the arc faults have
the characteristics of randomness, chaos and intermittently,
which increases the difficulty of detection.
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Arc faults are classified according to their topological
relationship with the PV system shown in 0. Factors such as
internal aging or external wear and tear could lead the obvious
break to the current path by loosening the connector or
damaging the insulation. However, traditional protection
devices like circuit breakers or fuses are not able to trip the
fault and isolate the faulty loop facing this kind of smaller
faulty current. In this case, the arc fault occurs as a part of the
path, called the series arc fault. Due to the numerous
connectors in PV systems, series arc faults occur more
frequently than other kinds of arc fault. Factors such as
internal thermal cycling or external animal bite lead to brittle
fracture to form additional independent discharge paths. This
kind of arc fault is called the parallel arc fault as an additional
load in the circuit. However, due to the inherent safety
distance between the PV panels and strings, the generation
probability of parallel arc faults is small. Besides, the current
generated by this kind of arc fault usually could be protected
by traditional protection devices such as the overcurrent
protection device and residual current device.

Combiner Box

I
B/ ! Load

Inverter

Converter
Rheostat

< PV Module(+DC/DC) [] Screw end
A Series arc fault B Cross-string parallel arc fault
C In-string parallel arc fault D Grounding arc fault

Figure 1.1 Arc fault classification in photovoltaic systems (In some PV
systems, DC/DC converters are connected to PV modules to achieve the
maximum power output)

Because the series arc fault cannot be detected by the existing
protection devices, the developed high temperature ionized
gas exists continuously. The released heat can ignite the
combustible material around and spread to burn the system
components, eventually causing the power failure and fire
accidents [10][11]. Most of PV systems are installed on the
roofs of buildings, occurred fire becomes even dangerous
when the heat stored in ordinary PV system polymers such as
polycarbonate, nylon 6.6 and PET is enough [12]. Due to the
large number of components, connectors and cables existing in
PV systems, the duration, propagation speed and occurrence
scale of PV arc faults are not easy to control. Moreover, the
existence of outdoor irradiance makes PV array continuously
inject energy into arc faults. Under the joint action of
photocurrent independence, PV arc faults have stable
combustion environment. Therefore, the fire prevention of PV
arc faults is difficult. The occurred fire accident is easy to
destroy all the PV modules on the power station and buildings
completely. In addition, arc faults also consume the output
power of the system, reducing the operation efficiency of the
system. And they can transmit the electricity to the system
device and support electrification, causing electric shock even
life threats to personnel in contact with the device. In addition
to the thermal damage, arc fault can also cause different kinds
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of damages to the human body, such as the explosion pressure
damage, hearing damage, radiation damage [13].

This paper focuses on PV arc faults viewed from their
diagnosis and modeling methods. In section II, diagnosis
methods are summarized from their sampling signal type in
detail. In section III, arc fault models are reviewed from the
model extracting idea. In section IV, future diagnosis methods
are discussed due to the rapid development of data processing
chip and machine learning technology.

2 Diagnosis methods of PV arc faults

2.1 Physical signal based PV arc fault
diagnosis method

Based on the multi-dimensionality of the arc fault emission, a
dual-sensor system consisting of electromagnetic and sound
sensors is used. In addition, the time of arrival (TOA) to each
sensor is also obtained through the signal processing method,
so that the precise identification of the arc fault is achieved in
PV systems [14].

A fourth-order Hilbert curve fractal antenna is used to detect
the electromagnetic radiation (EMR) characteristics of PV arc
faults. Viewed from the spectrum of electromagnetic radiation
signal, the characteristic frequency of PV arc fault is around
39 MHz. Compared with the switch operation, PV arc fault
behaves higher characteristic frequency and longer pulse
interval [15]. Another advantage of EMR based detection
method is that malfunctions of fault-like conditions would be
effectively avoided. Steady patterns such as the structural
similarity index (SSIM) and 6-dB bandwidth bins (6-dB
BWBs) are proposed to extract PV arc fault features,
accurately distinguishing PV arc faults from fault-like
operations [16].

2.2 Electrical signal based PV arc fault
diagnosis method

Based on physical signal of arc faults, arc fault detection
algorithm is able to be simplified for decreasing fault-like
interference consideration. Relying on the special sensor,
physical signal based arc fault detection methods have
shortcomings such as limited detection range and narrow
application scope. However, interference factors are extremely
increased in PV systems for their exposed environment [17].
Therefore, the electrical characteristics are chosen as the
sampling signal in most PV arc fault researches.

2.1.1 Time-domain based arc fault diagnosis

method

Time-domain diagnosis methods are usually described as a
mathematical equation, directly outputting one-dimensional
detection variable value.

PV arc faults would distort the loop current signal in time
domain including sudden changes and irregular fluctuations,
which are obtained by the Euler method and variance analysis



[18][19]. Euler method focuses on current changes between
two adjacent time windows while variance analysis focuses on
the current fluctuation in a certain time window. In the steady-
burning arc stage with the constant arc gap length, the
variance analysis could still show arc fault differences for the
arc instability nature. Involving the calculation of the time
window, Euler method and variance analysis could be turned
into the current change rate and range value [20][21]. In grid-
connected PV systems with a single-phase inverter, the Tsallis
entropy is applied to analyze the arc fault current. Focusing on
the time-domain randomness nature of arc faults, the arc fault
occurrence is identified as soon as arc fault periods are found
over 3 times within 0.5s [22].

2.1.2 FFT based arc fault diagnosis method

To improve the arc fault detection accuracy, the arc fault
spectrum is conduced to acquire more useful information in
most literatures.

Fast Fourier transform (FFT) is a basic spectrum analysis
method. Belonging to the frequency-domain method, the FFT
analysis should be conducted for the normal and arc fault
current separately. In PV resistive systems without extra
strong switching noises, arc fault noises are relatively pure.
After the arc fault occurrence, the amplitude of arc fault
current spectrum would increase compared with that of normal
current [23].

In grid-connected PV systems, the arc fault spectrum also
generally shows an increased amplitude pattern. However, the
arc fault and normal state would display the serious overlap in
the frequency band of switching frequency and its related
harmonics for inverter interferences. While containing these
information, the detection variable would become insignificant
so that the misoperation would appear [24]-[27]. Compared
with normal current sensors including current probe, current
transformer and hall sensor, the magnetoresistance (TMR)
sensor is designed to acquire more obvious arc fault spectrum
under many influence factors [28].

The determination of the arc fault occurrence time is the key
task for the arc fault detection algorithm. But FFT is a global
transformation, only giving a kind of information before or
after the transform. Then it cannot reflect the time-varying
changes of the PV arc fault spectrum. Therefore, the FFT
analysis is destined to failure of grasping when PV series arc
fault occurs, which cannot be used directly for the arc fault
detection.

2.1.3 Time-frequency-domain based arc fault
diagnosis method

It is necessary to consider the time-frequency-domain analysis
methods to simultaneously obtain both time and frequency
information of the PV arc fault current. Most decomposition
coefficients cannot be directly used as arc fault characteristics.
Besides, clear detection variables are also required to reduce
the two-dimensional result. Then the extracted detection
variables could achieve the state judgment process. Therefore,

it is necessary to extract detection variables to process the
time-frequency coefficient.

Accompanied with the Rectangular window, the FFT analysis
analyzes the input current signal window by window, turning
into the STFT analysis. Involving the transient arc state, it is
possible for the STFT analysis to identify the arc fault as
earlier as possible. All-phase FFT (APFFT) is applied to
acquire the frequency response of arc fault current in a certain
cycle [29]. Then a window by window mode is used to obtain
the whole analyzed results for different current states.
Detection variables including average value, maximum value,
addition value are combined with the STFT analysis [29][31].
Before conducting the transform analysis, some software
based filter methods including Kalman filter are recommended
to improve the detection accuracy [32]. After the filter effect
of the Hamming window, more obvious arc fault features and
better detection results could be acquired [2].

The STFT analysis with the rectangular window based arc
fault detection algorithm is implemented by using DSP. The
PV current signal is obtained by a high frequency current
transformer, filtered by a band-pass infinite impulse response
(IIR) digital filter. After analyzing the characteristics of the
signal frequency band, the arc fault state is identified by
comparing the threshold value. It is pointed out that the fault-
like malfunctions of commercial detection devices could be
conquered [33][34].

The basic idea of short time Fourier transform (STFT) is to
acquire locally stationary current signal for the FFT analysis.
Through a time window sliding on the time axis, the local
analysis in the time domain is realized. However, it’s found
that the window function limits the time width and frequency
width, leading to difficulties of achieving the optimal time
resolution and frequency resolution at the same time. Wavelet
transform (WT) also has good time-frequency localization
properties, which can convert the time-domain current to
plenty information in the time-frequency domain. It has a
higher frequency resolution and a lower time resolution in the
low frequency part while it has a higher time resolution and a
lower frequency resolution in the high frequency part. In the
arc fault detection field, two kinds of WT analysis are often
used. As shown in 02.1, discrete wavelet transform (DWT)
uses low-pass and high-pass filters to divide only the
approximate signal decomposed by the original current.
Wavelet packet decomposition (WPD) simultaneously applies
two filters to divide the approximate and detail signals
obtained by the previous layer. For the WPD analysis, the
high-frequency information has higher resolution and more
appropriately divided information [35].

Selecting a proper mother wavelet is the most difficult
problem, which is a key factor affecting the PV arc fault
detection effectiveness. In the research of the arc fault
detection, Daubechies wavelet family have the outstanding
performance in detecting the discontinuity of arc fault signals
[36][37]. Most existing arc fault detection researches usually
use it as the mother wavelet in PV resistive systems. Db4
wavelet is used to extract three detection variables, realizing
the parallel arc fault detection in PV resistive systems [38].
The optimization of the Daubechies wavelet family is
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conducted to obtain better arc fault detection results in the PV
resistive system. Compared with Db3, the frequency response
of Db9 has a more pronounced cut-off frequency. Although
Db19 has more wavelet coefficients, it does not provide the
same significant improvement compared with Db9.
Considering better approximation results and fewer
mathematical operations, Db9 is recommended as the eclectic
mother wavelet in the Daubechies family [39]. Capacitors are
brought to the PV system as a current sensor. For the high-
pass effect of capacitors, the high frequency components of
the arc fault current could be directly acquired to detect the PV
arc faults. Through the DWT analysis based on Db9, the time-
frequency distribution of the capacitor current is acquired.
Then the polarities, amplitudes, and integrals of the
distribution are used as the key attributes to distinguish PV
series arc faults from fault-like conditions [40]. However, the
arrangement and cost of extra capacitors are a difficult
problem in the large-scale PV power station.

biorthogonality property and vanishing moment could display
the arc salient disturbances more clearly. Having better
performance in these three properties, the Rbio3.1-based
features are recommended to achieve the PV arc fault
detection. Then the Rbio3.1 is able to give more arc fault
occurrence time discovery pulses and better arc fault
separation degree. As shown in Fig. 2.3, Rbio3.1 can achieve
the significant improvement in arc fault detection effects
compared with the same calculation process of Db9. For
different factors such as switching frequencies, inverter types,
and inverter stages, Rbio3.1 successfully changes the constant
or even decreasing amplitude pattern to the desired increasing
amplitude pattern. Meanwhile, this feature improvement
ability may not appear under fault-like conditions. Therefore,
the Rbio3.1 wavelet can grasp more obvious arc fault features,
which would significantly improve the detection accuracy of
arc faults [41].
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Figure 2.1 Different analysis architectures between DWT and WPD [35]

From the above time-frequency distribution results in PV
resistive systems, the arc fault would show the increased
spectrum amplitude. However, different arc fault behaviors
would appear in PV systems with the inverter or dc-dc
converter operating. In frequency bands containing the
switching frequency and its harmonics, the relatively weak arc
fault noise would be interfered by the strong switching noise.
Then the arc fault spectrum amplitude shows the similar level
to the normal spectrum, forming the constant amplitude
pattern shown in Fig. 2.2. While these frequency bands are
adopted, which would lead to the failure problem of the arc
fault detection in grid-connected PV systems. While the angle
between the injected switching noise and the arc fault signal is
proper, Db9 wavelet based detection variables begin to show a
decreasing amplitude pattern shown in Fig. 2.2. These
seriously overlapping detection variables would appear in
higher frequency bands, eventually causing failure tripping
under arc fault conditions. Therefore, a proper mother wavelet
is investigated for PV systems with the power electronic
equipment.

The precise arc fault occurrence time and the obvious arc fault
state separation are the key factors for the accurate arc fault
detection. The symmetric property of the mother wavelet is
beneficial to the singularity detection of arc faults. The
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Figure 2.3 The effectiveness improvements of the detection variable result
using the Rbio3.1-based WPD analysis [35]

For both two linear time-frequency transforms, corresponding
parameters including the window type, mother wavelet type
and the time window length are demanded to be optimized,
achieving the best identification results. The STFT analysis
has the less calculation load than the WT analysis. Therefore,
most signal processing chips choose the STFT analysis to
implemented. It is also found that the low-frequency
characteristics of the STFT analysis is better while high-
frequency characteristics of the WT analysis is better [42].
There are many other kinds of the time-frequency-domain
analysis methods except two transforms claimed above. For
instance, the variational mode decomposition (VMD) is
adopted to extract the characteristic frequency band of the PV
arc current, which could conquer the modal aliasing and



endpoints effects. Then the detection variable based on
Shannon entropy is used as a combination [43].

3 PV arc fault models

Since the field testing is costly and time consuming, precisely
modeling arc faults becomes more critical. In addition, the
establishment of the arc model is very important to grasp the
relationship between the arc faults and the system, to simulate
the electrical signals of the arc faults under special conditions,
to elaborate the essential characteristics and generation
mechanism of the arc faults, and to explain the macroscopic
phenomena of the arc faults. Because the characteristics of the
arc faults may be affected by the fault location and current
level, the arc fault data obtained from the real system is
limited. Therefore, a more complete arc fault database can be
established by using arc fault model for simulation analysis,
and diverse arc fault conditions can be developed to help
develop arc fault detection algorithm.

For the arc fault modeling, it is difficult to obtain helpful
electrical signals from magnetic field simulation [44]. The
simulation from the circuit angle could obtain the relevant
electric signals of arc fault directly. The arc fault could be
modeled as a circuit component in PV system, which gives
satisfactory fitting results with the current less than 10A [45].
Erhard divided the arc faults into three parts including anode
fall region, cathode fall region and arc column. Results show
that a series arc fault could influence the operating point of the
PV system [46]. At present, there are mainly three following
types of arc fault models.

3.1 Dynamical state model

Mayr model assumes that the arc is a cylindrical gas channel
with a constant diameter, and the energy dissipation from the
arc gap is constant [47]. Energy dissipation depends on the
effect of heat conduction and radial diffusion. In other words,
the temperature of the arc changes with the radial distance and
time from the arc axis. The expression for Mayr model is as
follows:

—— = () M

where g is arc conductance, i, iS arc current, 7 is arc time
constant, P is static cooling power. And the Mayr model is
suitable for the case of small current, and it is used to analyze
the dynamic characteristics of current crossing zero.

Cassie model assumes that the shape of an arc is a cylinder of
highly ionized gas and free electrons [48]. The arc column has
a constant temperature and current density, and its diameter
varies with the change of current. It assumed that the arc
voltage was constant, and the energy dissipation was caused
by forced convection. In addition, the power loss of the arc
was proportional to the cross-sectional area of the arc column.
Based on the above assumptions, the following formula is
obtained:

R | 2
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where g is arc conductance, t is arc time constant, u. is
constant arc voltage, u is the arc voltage. Cassie arc model is
more suitable for high levels of current.

In addition, some other physical-based arc model such as
improved Cassie and Mayr models can also be used for arc
simulation of PV systems [49]-[51]. But the parameters
selection of physical-based arc model is a difficult problem,
complex models are often difficult to simulate. A black-box
parameter determination method is proposed. Its effectiveness
is verified by the Schwarz model in experiments [52]. The
non-linear least squares is proposed to identify the parameters
and optimize the arc model [53]. The Cassie model is used to
simulate the arc fault in the DC resistive system. However,
this study only displays the simulated arc fault noise below 5
kHz, which does not involve the simulation of high-frequency
arc fault characteristics [39].

3.2  Stationary state model

The V-1 model considers the static characteristics of the air arc.
This model is described by the empirical model obtained by
fitting a large amount of experimental arc voltage and current
data. The applicable range of arc current and gap is different
for each V-1 model [54]-[56]. In terms of the arc fault current
and gap range specified in UL1699B, the Paukert model is an
acceptable choice. Moreover, the arc gap was added to the
Paukert model, realizing the better fitting performance.

In 1993, Paukert proposed an arc model with the arc current
ranged from 0.3A to 100kA and the electrode gap widths
ranged from 1 to 200mm [57]. This model is divided into two
equations, one is for arc current less than 100A and the other
is for arc current greater than 100A. In 2014, considering the
influence from the arc gap length, modified Paukert arc model
is proposed with the electrode gap widths ranged from
1.016mm to 3.048mm [58]. This model gives a more accurate
description of the arc with small gap widths, the modified
equation is as follows:

A+ BL
Varczch

(7

where 4, B, C, D are constants, L is the gap widths.

In recent years, there are also some models to describe the
behavior of arc voltage and current by using equations. Uriarte
found that the arc voltage and current are approximated with
the hyperbola, so an arc model suitable for dc microgrid is
proposed [59][58]:

Ve =Yy +egap (8)
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where vg,, is the arc voltage, v, is the hyperbolic—tangent
component, ey, is the electromotive force (EMF) pulse term,
Vi is the average dc voltage before fault,a is a variable related
to the slope of v,, a, b, A are the variables related to egqp, Xgap 18
the electrodes width when the arc quench, x is the electrodes
width. There's a similar equation for arc current ig,, in the
model. According to the experimental and simulation results,
this model is suitable for transient simulations of the arc
voltage, current and power.

3.3  High-frequency component model

The V-I characteristic model only shows the evolution of the
dc component, without the unique high-frequency arc
behavior. However, the plasma discharge process in the arc
fault channel will cause the high frequency components in the
arc fault current signal. The collision between molecules in the
plasma channel and coulomb shows the randomness of the arc
faults, forming the high frequency components dominated by
molecular collision. At present, there are many arc fault
detection methods based on frequency domain characteristics.
Thus it is of great significance to establish an accurate high-
frequency variation arc model.

Zero-mean noise is added to the arc model to describe the
frequency characteristics of the arc [60]-[62]. The arc noise
equation is as follows:

1 x°

é:(x): G\/ﬁ €Xp(— 20_2 ) (14)

where o is the standard deviation. Terzija verified the
feasibility of using gaussian distribution to describe the
randomness of arc current. Furthermore, the distribution was
proved to be quantitatively correlated with the level of dc
component of arc current [63].

It is found that PV arc faults have broadband characteristics
[24]. Random functions are used to describe the frequency
characteristics of an arc [64]. Researchers found that the
frequency characteristic of the arc was similar to pink noises
[65]. And pink noise was added to the arc simulation of the
PV system [22][66]. Because the power spectral density of the
pink noise is inversely proportional to the frequency of the
signal, a high-frequency variation arc model based on pink
noise is proposed [42]. A digital filter is designed to generate
pink noise from white noise, the equation is as follows:

1+0.5z" —0.125z* + 0.063z° —0.036z" — 0.0262z"° + 0.007z° — 0.005z”

H(z)=
@ 1-0.5z" - 0.1252" = 0.063z° —0.0362z" +0.0262z” +0.007z° +0.005z”

A modified pink noise is used to describe the arc noise, the
equations are proposed as [67]:
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where f; is the cut-off frequency, w is the white noise, S(f) is
the magnitude of the power spectral density (PSD) curve, ¢
and ¢ are the parameters associated with the cut-off frequency
and DC value of the PSD, a; is the parameter associated with
the steepness of the slope before the cut-off frequency, b, is
the parameter associated with the moving tendency of the
modified pink noise, v is the slope at frequencies before the
cut-off frequency. This high-frequency variation arc model
could change the slope and cut-off frequency of the PSD and
other parameters to generate several different arc fault noise
characteristics.

4 Discussion and conclusion

Nowadays, rapid developments of the PV industry make the
PV system more complex, which poses new challenges to the
arc fault detection. Many system factors including switching
noises, branch connection form, cable length would affect the
PV arc fault detection, forming various PV arc fault conditions
[68][69]. Then the obtained arc fault conditions are limited
from the experiments. Considering the accurate detection of
the unknown arc fault and fault-like conditions, the future
algorithm is recommended to adopt machine learning based
fusion methods. Then this arc fault detection algorithm could
achieve more applicable scenarios and higher detection
accuracy.

In the future. the frequently-used data processing chip may
have lager data storage capacity and higher calculation speed.
Then this kind of chip could realize the fast calculation of the
complex time-frequency transform and machine learning
methods. Then the detection accuracy and application scope of
PV arc faults could be significantly improved. Without
increasing computation time, the detection reliability of the
designed hardware is highly enhanced.
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Abstract

Hybrid DC switches (HDCSs) have attracted considerable attention due to the low on-state loss and fast current
interruption. With low current interruption, there is no arc generation between the contacts. However, arc discharge
occurs between the contacts after the contact opens for a high circuit current. Arc discharge erodes the surface of
the contacts and decreases the insulation strength between the contacts. This paper presents a new configuration
of contacts that can increase the threshold current for arc-free commutation. The contact has a cuboid shape with
a join of copper and carbon. When the contacts are in the closing position, the copper and carbon materials of the
contacts come in contact. When the contacts start opening, the contact spots of the copper start decreasing until
rupture, but carbon, which has a higher resistivity than copper, still remains in contact. With a higher resistance of
the contacts, the current is further commutated to the semiconductor device until the current at the contacts be-
comes low. After the contacts rupture, the low surge voltage from the inductance in the circuit cannot ignite arc
discharge. Thus, arc-free commutation can be achieved.

Keywords— Hybrid DC switch, coper-based carbon contact, arc discharge, threshold current, arc-free commuta-
tion.

1 Introduction

Arc can be longer for DC interruption than AC inter-
ruption [1], [2], [3]. Arc discharge in electric contact is
a harmful phenomenon which erodes the surface of
contacts and decreases the insulation strength between
the contacts [1-3]. The arc discharge from DC current
interruption can be longer than that of AC current in-
terruption [4-5]. Hybrid DC switches (HDCSs) com-
prising of a parallel connection with contacts serving
as mechanical switch (MS) and a semiconductor device
are an effective solution due to the low on-state loss
and rapid current interruption [6-7]. HDCSs overcomes
the drawbacks of conventional mechanical switches
(MSs) and semiconductor devices. The HDCSs is used
with microgrid with voltage level of a few kV. MSs
have a low contact resistance but suffers from long-du-
ration arc when the contact opens, which results in se-
rious contact erosion and a short lifespan. Semiconduc-
tor switching devices interrupt the current rapidly with-
out an arc, but they have a high on-state resistance and
low thermal capacity. This causes considerable power
loss and requires a greater amount of space.

Figure 1 shows the circuit diagram of an HDCS that is
used DC voltage distribution below 2 kV. The HDCS
has a mechanical switch (MS) connected in parallel
with a SiC-MOSFET and a metal-oxide varistor
(MOV). Figure 2 shows the effect of current interrup-
tion in the HDCS. During normal operation, a

circuit current from the DC source flows through MS
to the load at position (1). When the current needs to

be interrupted in the case of faults, the contacts are sep-
arated, and simultaneously, the SiIC-MOSFET turns on
at position (2). Then, the current is commutated to the
SiC-MOSFET, the commutated from the contacts to
the SiC-MOSFET device. After the entire SiC-
MOSFET carries the current for a while so that the con-
tact has enough gap to prevent breakdown caused by
the surge voltage after the SiC-MOSFET turns off at
position (3). The surge voltage occurs between the
contacts and potentially leads to breakdown between
the contacts if the dielectric strength of the gap is not
enough. Then, the surge decreases to the system volt-
age because the MOV absorbs the remaining current in
the circuit.

I
__________________ >
I DC source I —a i Load I
MS
R
] 1
SiC-MOSFET

|\l MOV
I

Fig. 1 Circuit diagram of a hybrid DC switch.
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Fig. 2 Operating diagram of a hybrid DC switch.

In previous researches, the contact material was found
to have an influence on the arc-free commutation in the
hybrid DC switch [8-10]. For experiment on the effect
of the contact material, the authors compared the
threshold current of arc-free commutation of a pair of
copper contacts with a pair of tungsten contacts. The
copper and tungsten contacts could commutate the cur-
rent up to 120 A and 300 A, respectively, without arc
discharge. Copper-based tungsten (Cu-W) contacts that
had tungsten material on top of the copper contact
could commutate current up to 400 A without arc dis-
charge. The current was fed by voltage up 20 V. Alt-
hough Cu-W contacts showed threshold current up to
400 A with arc-free commutation, the contact re-
sistance at the closing contacts was high compared to
that of copper contacts. This results in power loss dur-
ing normal operation of the switch. Therefore, we pro-
pose a new design of the contact, which has low contact
resistance during normal operation and increases the
threshold current of arc-free commutation.

2 Experimental Setup

Figure 3 shows a circuit diagram of the HDCS used in
the experiments. A DC power supply was connected in
parallel with a switch S, a SiC-MOSFET (Cree,
CAS325M12HM2), and a MOV (Panasonic,
ERZE14A431). The circuit current was generated from
a DC power supply having a current rate of 800 A. In
the experiment, we used a pair of contact as shown in
Fig. 4. The left contact was made from a copper cuboid,
and a joint of carbon plate was inserted on top of the
cuboid as shown in Fig. 4(a). The join was made by a
high conductive paste (Cr-3520, KAKEN TECH) under
cueing of 150 °C for 30 minutes and 180 °C for 60
minutes. The thickness of the carbon plate was 1 mm.
The right contact was made from copper and had the
same shape as that shown in Fig 4(b). The upper side of
the right contact had a hole 3 mm in diameter. The right
contact was fixed by a tungsten rod that was inserted
into the hole of the right contact. The lower side of the
right contact was attached to a coil compression spring
(AP065-010-0.9, Showa Spring) with maximum force
of 26 N. The maximum load of the spring was 26 N.
The direction of spring force was leftward. The right

contact was the ground and was moveable. The left con-
tact was the anode, and it was fixed with a stepping mo-
tor as shown in Fig. 5. The left contact was moved by
the stepping motor towards the right for closing the con-
tact and towards the left for opening the contact. The
spring force could push the lower part of the right con-
tact by 15° in the clockwise. A direct current of up to
800 A was fed through the circuit. The closing force
was 40 N. For the contact opening operation, we turned
on the SiC-MOSFET at the same time when the left
contact started moving to the left direction at a speed of
200 mm/s. When the contacts started separating, the
contact area between the copper material of the left con-
tact and the right contact decreased, but the carbon ma-
terial still remained in contact due to the force of the
spring. When the left contact moved further, the contact
area of the carbon decreased and was completely rup-
tured. Then, we turned off the SIC-MOSFET after the
contact opened for 20 ms.

|

DC R

Contacts

JE—
T % T SiC-MOSFET

l\ MOV
I

Fig. 3 Experimental circuit diagram of hybrid DC
switch.

(a) left contact

(b) right contact

Fig. 4 Configuration of the right and left contacts.



SiC-MOSFET

Fig. 5 Actual experimental setup of hybrid DC
switch.

3 Experimental Results

3.1 Contact Resistance

Figure 6 shows the average value of contact resistance
in this work (Cu-C contacts) with tungsten (W) con-
tacts and copper-tungsten (Cu-W) contacts for currents
from 100 to 400 A with closing force of 47 N for all
currents. The contact resistance of tungsten contacts is
the highest for all currents. The contact resistance of
Cu-W is between the contact resistances of tungsten
and Cu-C contacts, and it decreases with increasing
current due to the softening and expand of the contact
a-spots when a large current and contact closing force
were applied in the contacts. For Cu-C contacts, the
contact resistance was low for all values of current be-
cause the current flows through the copper of the left
contact, which has low resistivity.

3.0

— BW oOCu-W mCu-C
% 2.5
S
g 20
=
8
E 1.5
2
2 L0
3
S 05
Q
0.0 i i — A
100 200 300 400
Current (A)

Fig. 6 Contact resistance of tungsten, Cu-W, and Cu-
C contacts [12].

3.2 Threshold Current for Arc-Free Com-
mutation

Figure 7 shows the voltage and current waveforms with
arc-free commutation for 700 A. Before the contact
separation at approximately 2 ms, the circuit current

|Only carbon :
1n contact

flowing through the contacts is 700 A, and the contact
voltage is slightly above 0 V. After the contacts starts
separating, the contact voltage increases with time, and
the contact current decreases accordingly. The decrease
in contact current indicates that a partial current is
flowing to the SiC-MOSFET. Then, a pulse suddenly
occurs at approximately 7.6 ms, and the contact current
drops rapidly. After the pulse, the contact voltage in-
creases further and the contact current decreases to zero
at 11 ms. The main cause of current commutation is the
increase in contact resistance. Fig. 8 shows the image
of contacts during separation in the commutation phase
from Fig. 7. During the initial contact closing, the cop-
per and carbon materials of the left contacts are in con-
tact with the right contact as shown in Fig. 8(a). The
contacts have much lower resistance than that of the
SiC-MOSFET. Therefore, almost all of the circuit cur-
rent flows through the contacts. After the contacts start
separating, the contact force is released and the contact
area of the copper material of the left contact decreases
with time but this does not happen for the carbon ma-
terial. Then, the copper in the left contact ruptures at
7.6 ms as shown in Fig. 8(b). Owing to the large differ-
ential resistivity of carbon and copper as shown in Ta-
ble 1, the resistance of the contact in

1.2 P
Contact current
Lil Pulse 3 | — Circuit current 5
= Contact voltage
i 0.8 4 <
Z 06 W“mm 3 §
£ Current flows E
O 04 through Cu »|< > ) S
Current flows
0.2 Contict opens [ l through C 1
0.0 0

0 2 4 6 8 o 12 14 16
Time (ms)
Fig. 7 Contact voltage and current waveforms of the

arc-free commutation of copper-carbon contact for
700 A.

Cu in contact Cu ruptures

Carbon in
contact

a) before 2 ms

Carbon
ruptures

c) at 9 ms d) at 12 ms

Fig. 8 Image of contact opening in commutation
phase.
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Table 1.
Properties of contact materials [11]

Material Resistivity (Q.m) Temp. Coeff. (K
Copper 1.8x10°% 4x10°
Carbon 3.5%10° -5 % 107"

creases significantly and commutates the circuit cur-
rent to the SiC-MOSFET. The entire current is not
commutated to the SIC-MOSFET; a partial current still
Flows through the carbon, which is still in contact with
the right contact due to force of the spring as shown in
Fig. 8(c). Afterward, the contact current drops further
when the contact area of the carbon decreases until rup-
ture, and the current at the contact is almost zero. After
the rupture, there is no surge voltage because of the
small L(di/df).
Figure 9 shows the contact resistance calculated from
equation (1).

Re =R u (1)

I C

where Rg;c is the resistance of the SiC-MOSFET, and
I and I¢ are the circuit current and contact current, re-
spectively.

100

10 Cu ruptures

Contact opens Current flows

through carbon

Contact resistance (m£2)

0 2 4 6 8 o 12 14 16
Time (ms})

Fig. 9 Contact resistance calculated from Fig. 7.

& I circuit current

Fig. 10 Circuit diagram of loop circuit between the
contacts and the SiC-MOSFET.

We simplified the calculation of the contact resistance
by neglecting the inductance in the circuit. In our ex-
periment, Rsic is 4 mQ. The values of circuit current
and contact current are taken from Fig. 7. From Fig. 9,
the calculated contact resistance is about 0.2 mQ, and
it increases up to 0.8 mQ at 7.6 ms when the copper of
the left contact ruptures. Then, the resistance promptly
increases to 40 mQ. The prompt increase in resistance
causes the contact current to decrease rapidly, which
creates the pulse at 7.6 ms. The pulse was due to the
inductance and derivation of current with respect to
time, L(di/dt) in the loop circuit between the contacts
and the SiC-MOSFET as shown in Fig. 10. However,
the surge does not cause arc generation because the
surge voltage does not reach the critical voltage to gen-
erate arc discharge. When the carbon is absent, the cur-
rent drop at the contacts is larger, which causes a larger
surge voltage that can generate an arc discharge. To
generate arc discharge, a contact voltage of at least the
minimum arc voltage is required. The minimum arc
voltage of copper is 12.19 V [13]. When we increased
the circuit current to 800 A, the surge voltage reached
the critical voltage, generating an arc discharge. Fig. 11
shows an example of the current commutation with an
arc discharge of 800 A. With increase in current to 800
A, the current drop is higher than 700 A, at the copper
ruptures. Then, the L(di/df) generates a high surge volt-
age that generates an arc discharge at 8.67 ms. A light
emission from the arc discharge was found between the
contacts. The arc trace is found at the copper part of the
left contact as shown in Fig. 12

12 16
Contact current
1.0 ——— Circuit current 14
' Arc— o Contact voltage 1
2 O N
g -ty | 0 o
Z 0.6 g o
6 =
3
S 0.4 G
4
0.2
2
0.0 e 5
0 2 4 6 8 10 12 14 16 18
Time (ms)

Fig. 11 Current commutation of copper-caron contact
for 800 A.

Arc trace

Fig. 12 Arc traces from experiment of Cu-C contacts.



3.3 Current Interruption

Figure 13 shows the contact voltage and current wave-
forms for 700 A current interruption. The contact opens
at approximately 15 ms, and the entire circuit current
is transferred to the SIC-MOSFET at 22 ms. Afterward,
we turned off the SIC-MOSFET at 35 ms. After turning
off, the circuit current dropped to zero, while a pulse
voltage of approximately 300 V was induced. The
pulse is caused by the rapid drop in the circuit current.
However, this voltage does not ignite an

arc or cause a breakdown because the SiIC-MOSFET
can withstand a voltage of up to 1.2 kV and the contacts
have an air gap of approximately 2 mm, which has
enough dielectric strength to prevent arc discharge or
breakdown. The interruption time can be shortened by
decreasing the degree of inclination of the right con-
tact, separation speed, and turning-off time of the SiC-
MOSFET.

12 10
Contact current 9
1.0 —— Circuit current
Contact voltage
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Fig. 13 Contact voltage and current during current in-
terruption of Cu-C at 700 A.

3.4 Current Interruption

Figure 14 shows the voltage and current waveforms for
the contact closing at 700 A. From 0—4 ms, the contacts
were in separated position, and the SiC-MOSFET was
turned on. Therefore, approximately 300 A flows
through the SiC-MOSFET. From 4 ms, the carbon ma-
terial of the contact starts to come in contact with the
right contact. The circuit current increases with time
because the contact area of carbon increases with in-
creasing contact force when the left contact moves to-
ward the right. From 16.5 ms, the copper material of
the left contact is in contact with the right contact. Ow-
ing to the low resistivity of copper, majority of the cir-
cuit current flows through the contacts. Although the
current increases rapidly, a surge voltage was not found
between the contacts. In a conventional switch, arc dis-
charges are found due to the bouncing contact when a
strong contact force is applied to close the contacts
[14]. With an additional spring, the contacts do not
bounce and an arc discharge is not found.
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Fig. 14 Voltage and current waveforms for closing
contacts.

4 Conclusion

A join of copper and carbon contact can interrupt cur-
rent up to 700 A with arc-free commutation. Because
the copper and carbon of the left contact are in contact
with the right contact during normal operation, the con-
tact resistance is low. The copper-carbon contact can
commutate current up to 700 A without arc discharge
because the carbon material of the left contact has a
high resistance to commutate almost the entire current
to the SiIC-MOSFET. However, an arc discharge is
found at the copper material of the left contact when
we increase the current higher than 700 A due to the
current drop at the contact is large that causes large dif-
ference between the copper and carbon materials. To
increase further threshold current for arc-free commu-
tation, A material having a resistivity between that of
copper and carbon should be inserted to prevent rapid
drop in contact current. Although the interruption time
is about 20 ms, the interruption time can be improved
by increasing the separation speed of the contact driven
by the stepping motor, the inclination of the right con-
tact, or the turning-off time of the SIC-MOSFET. With
a spring force, the bouncing arc does not occur.
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Abstract

For DC switches, the most promising topology is the hybrid DC switch, in which the circuit current commutates
from mechanical contacts to a semiconductor device after the opening of the contacts. During the commutation
period the contact temperature continues to increase, and once the temperature exceeds the boiling temperature of
the contact metal, metal vapor generates between the contacts and hence leads to arc discharge. The threshold cur-
rent of arc-free commutation can be increased by using tungsten contacts, however, a concentration of the con-tact
current limits the maximum arc-free current. A new structure of four-block contacts has been developed to avoid
the current concentration by splitting the contact current and heat. With heat being distributed, the temperature on
the surface of the contact is lowered significantly, this will provide the contact with a larger arc-free current. We

evaluated the four-block structure of contacts by numerical simulations and experiments up to DC 400 A.

Key words — Hybrid DC switch, arc-free commutation, Cu-W clad electrical contact

1 Introduction

Recently, the DC system has been intensively
studied due to the increasing requirement of renewable
energy such as solar and wind power. Those needs for
load supplied by direct currents such as electric cars
and electric trains are also showing significance [1].
One of the key components of the DC system is the
circuit breaker because the direct current has no regu-
larly zero crossing, and the arc generated between the
mechanical contacts cannot be easily eliminated com-
paring to alternating current. In order to solve this prob-
lem, the most frequently used structure is the hybrid
DC circuit switch, which contains a mechanical switch
for on-state and a solid-state semi-conductor switch for
commutation, as shown in Fig. 1. In recent year, the
researches on hybrid DC switch are making progress.
A DC hybrid circuit breaker with ultra-fast contact
opening and integrated gate-commutated thyris-
tors(IGCTs) was designed to interrupt 1.5 kV/ 4 kA
within 300 ps [2], a 270 V hybrid DC switch with ca-
pability of arc free commutation up to 100 A has been
designed [3].

Mechanical switch
Q\C
Semiconductor switch

-

TIFT

o]

Varistor

I
Configuration of hybrid DC switch

Fig. 1

One promising semiconductor device that could
be applied in the hybrid DC circuit breaker is a SiC
(Silicon-Carbide) MOSFET, which has a low on-state
resistance. Its characteristic makes the current commu-
tate at a lower voltage, and hence possible to commu-
tate with no arc generation within a certain value of
current, which is determined by the specific value of
the contact material. The previous experiment has in-
dicated an arc-free commutation of DC 300 V, 200 A,
using tungsten contacts [4]. The contact erosion by arc
can be avoided with arc-free commutation, therefore,
the life of the contact greatly increases. However, in
order to face the actual application in the DC system, a
larger current limit is of vital importanc