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fault arcs
on busbar sets and switchboards

G. Bouvier
A. Ducluzaux

summary

The probability of appearance of a fault arc on a set of busbars cannot be
considered as non-existant, The behaviour and speed of arcs have been analy-
sed by a high-speed photography system. It appears that the damage produ-
ced by the arc is inversely proportional to its speed and its freedom of move-
ment. Switchboards manufacturers, contractors and operators must take all
possibie precautions to reduce the possibility of arcs accuring, and their
consequences.

1. The origin of fault arcs p. 2
2. Fault arc behaviour p.3
3. How to reduce arcing

probability p. 6
4. Limiting

the conseguences of arcing p. 6
Sibliography p. 6

H the electrical installation is correctly
designed, built and maintained, the
appearance of a fault arc between
switchboard busbars is an extremely low
probability accident.

The statistical data collected over a long
period and for a large number of instal-
lations in service demonstrate that this
probability is not, however, nuil.
Because of the grave consequences
rasulting from arc-over in a switchboard :
ptant production shutdown, repair costs
and accidents to personnel, it is the
switchboard designer's, installer's and
operator's responsibility 1o take all mea-
sures to ensure that the possibility of arcs
originating is very low, and, in such
events, that the consegquences of the
incident are reduced to the possible
minimum.
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1. the origins of a fault arc

The causes for the occurrence of a fault
arc in an installation can be broken down
into three categories :

B evolutive causes ,

m mechanical causes ;

B voltage surges.
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evolutive causes

These result from a gradual decrease in
the inter-phase or inter-phase to ground
insulation resistance.

This decrease can be the result of depo-
sits which, subseguent to exceptional
humidity conditions, can result in the for-
mation of a superficial resistance bridge
such that a conductive path on the sur-
face of insulators can be created.
Depending on the type of insulators, this
initial fault may be self-eliminating, or
become worse, resulting in the creation
of a fault arc.

This phenomenon is sometimes obser-
ved when an instailation is switched on
again after being shut down for a period
of several days, during which condensa-
tion may have occurred due to the fact
that the installation temperature is no
longer higher than ambient temperature.
in particutar, this applies to glass-making
instaliations, in which the atmosphere
carries sodium carbonate dust, and in
which the risks of hygroscopic variations
are high.

The final result will be the same if the
superficial polution of the insulators
results from splashes of fluids containing
glectrolytes. The accident may pass
unperceived, and occur during transport
and handling of the installation compo-
nents. The defect will be revealed later
during operation under exceptional
hygroscopic conditions. This also applies
to condensation on equipment stored in
coastal areas, and which is incorrectly
protected.

The gradual degradation of the insulation
may also result from accidental local
heating due, for example, 1o incorrect
tightening or gradual locsening of a con-
nection. The increase In lemperature
imrediately round the defective point
can entail decompaosition and progres-
sive carhonization of the adjacent insu-
latars, resuiting in a fault arc, first of all
between phases, or between phases and
ground, and degenerating into a three-
phase fault.

mechanical causes

These result from the presence of & con-
ductive element foreign o the struciure
of the installation itself.

An example of this is incorrect work
effected by operating staff : the instruc-
tions concerning the precautions to be
taken during work effected on low vol-
tage parls are not always strictly ob-
served,

For example, it has been chserved that,
in order not to disturb overall operation
of an installation, an electrician desiring
to perform a check opens the back
panels of a switchboard, and considers
that it is possible to work on the busbars
rendered accessible, taking adequate
precautions. it simply requires a tool to
ship or escape from his hands, or a tes-
ter light {prohibited) to explode, resulting
in general arc-over, risking serious burns
for the imprudent technician.

The result would be identical if a « for-
gotten » conductive abject in the top part
of a switchboard {tool, portion of busbar,
nut, washer, metal shim, etc.) moved
gradually due to the effect of vibrations
and fell between two bars, or between
two cable attaching bolts. Similar inck
dents woutld result from the presence of
an animatl inside a switchboard (cat, bird,
rat, etc.).

voltage surges

Only high value voltage surges cause
arc-over in a switchboard which has
been correctly designed and installed.
Howsever, such exceptionat incidents
may oceur, in particidar with LV,
Voltage surges reaching 8 1o 10 kV have
been detectad on LV networks. These
result from transmission of normal vol-
tage surges via the MV/LV transformer
capacitances, occuring in MV, for exam-
ple in the event of cutoff of a magneti-
zing current on an off-load transformer.
Installation of surge arresters on the LV
terminals of the transformer is the best
method of preventing this type of
incident.



2. arc fault behaviour

The movement of a fault arc along the
busbars of a switchboard is totally ran-
dom. However, general laws ¢an he defi-
ned to explain and forecast arc be-
haviour,

arc characteristics

First of all, it is the very nature of the arc
itsalf which provides an explanation of its
behaviour : an electric arc consists of a
column of conducting gases (plasma)
taken to high temperature: 8 1o
12 000° K for arcs involved in switches
and in faults,

Its form, which is random, generally does
not have the shape of an arc, as might
be supposed from its name ; its cross-
section can be considered as circutar in
the absence of external stress. !t results
from a balance between the internal
pressure of the hot gases in the column
and the magnetic striction due to current
flow.

Transmission of the current is provided
within the arc by free electrons moving
in the opposite direction to that of con-
ventional current flow,

The positive ionized particles in the
column, which are almost equal in num-
her to that of the electrons, carry only a
very small part of the current, due to their
mass which is much higher than that of
electrons. These have the effect of com-
pensating the space charges of the
electrons.

The arc can therefore be assimilated to
a gas conductor, the shape of which
adpats instantaneously to the elecirody-
namic forces acting upon it ; mobility is
very high du to its very low mass.
Both ends of an arc column are always
connected to solid (or fluid) conductors
by the arc roots. These are cathadic and
anodic areas of very low length
{10 cm) which are the location of phe-
nomena essential in maintaining the arc
process.

These arc roots form extremely mobile
electrical connections on the surface of
the conductors carrying the current, and
result in superficial fusion of the
conductors.

The arc is an elecirical conductor, the
inherent resistance of which is high and
highly fluctuating, in particular as a fune-

tion of the current flowing through it it
is more practical to calculate the arc vol-
tage, or volfage drop across the arc, than
its resistance : the arc voltage, the mini-
mum value of which is of the order of 20
to 30 V, reaches vaiues of between 100
and 300 V for fault arcs.

An arc can be expressed by the formula
Ua = Ue + £E, in which:

2 Ue is the sum of the cathedic and
anodic voltage drops, on average 20 V
&£ is the length of the arc {cm)

® E is the potential gradient {V/cm) of
the arc column.

For an arc in guiescent, naturally cooled
air, E s 15 to 20 V per cm, but can reach
50 V per cm as soon as the arc is cooled.

arc movements

Propagation of a fault arc along a swiich-
board busbar set is the resuit of elec-
trodynamical forces applied to the arc by
the conductors along which it moves, or
by any other adjacent high field
conductor.

The direction of movement ofthe arc is
such that the flux covered by the loop for-
med by the arc and its conductors tend
towards a maximum (fig. 1}.

Thus, as a general rule, the arc runs
along the bars away from the source,
even if this movement obliges it to
descend vertical hars.

The thermal chimney effect, which tends
to make the arc rise, is generally nagli-
gible with respect to the electredynamic
forces which are proportional to the
square of the current.

The electrodynamic force F applied to an
arc across two paratlel conductors is

{7):

2 - 2d+a\

F = .
107 A a /

Due to force F. the arc attains a speed
V limited by the resistance R of the air
in which it moves. This resistance R is
of the form R = K. V2, in which K is a
coefficient depending on arc geometry,
assimilated to a solid body.

The movement rapidly becomes uniform
when F = R, arc speed being then :

/ 2 2d + a
Vo= | e L _
107 K d a

it should be noted that the speed of
movement of the arc is proportional to
the instantangous current flowing
through it; this speed decreases
slightly when the length of the arc increa-
ses, i.e. with bar spacing, itself a func-
tion of working voltage {4).
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experimental checks

Measurement of the speed of arcs along
hushar sets, together with their beha-
viour with respect to changes in busbar
direction or isolating obstacles encoun-
tered along their paths have been the
subject of a series of tests {fig. 2).

In order to collect as much information
as possible, an optical recording system
was used in addition to conventionat
oscillographs.

Rather than use a high-speed motion pic-
ture camera (& to B 000 frames per
second} which would, however, have
given satisfactory information, it was pre-
farred to use high-speed photographic
methods, due to the ease with which this
method can be used ang results analy-
sed, for a high number of successive
tests.

This method consists in superimposing
a series of images recorded at a high
rate, of the same subject, the set of bus-
bars, on the same negative ; when the
arc moves rapidly, its position, at the
focation in which it is found, Is photogra-
phed every 100 th of a second.
Simply by examining the photo obtained,
it is easy to determine average speed,
and to interpret the behaviour of the arc
with respect to multiple busbar set con-
figurations and obstacies placed along
its path.

in particular, color negatives offer a clear
differentiation hetween the arc ¢column
itself, the ionized clouds and smoke sur-
rounding it.

From the practical view point, photogra-
phic recording is simple : a conventional
camera covers the visual field in which
tha phenomenon to be recorded, the arc,
takes place. The normal shutter is ope-
ned a few instants before the test, and
closed shortly afterwards. During this
period, a shutter disk, driven at 50 rmp
by a small synchronous motor, rotates in
front of the lens. Slots are cut radially in
the disk, the passage of which betore the
lens corresponds to faking of a photo,
while the exposure time corresponds 1o
the width of the slot.

Several disks enabled photography at
rates of 50 to 300 exposures per second,
the exposure times of which varied from
0.5 to 2 milliseconds.

cahiers technigues Merlin Gearin p® 38/p. 4

speed of movement

The arc moves at high speeds of the
order of 200 fo 250 metres per second
for currents of approximatety 15 10 20 kA
rms, along a set of LV busbars separa-
ted by 300 mm of air.

For AC, this is the average speed. In
practice, the inertia of the arc is so low
that the instantaneous speed cancels out
at the same time as the current passes
through zero {or extinguishes momenta-
rily}, then increases again to reach a
maximum corresponding fo the peak
intensity of the current sinewave. This
phenomenon was highlighted by photo-
graphs taken at a high rate (200 to 300
exposures per second) during single-
phase AC tests.

damage due to the arc

if the fault arc is propagated freely along
busbars without any discontinuity or ex-
cessively sudden changes in plane,
without encountering metal obstacles or
insulators, its passage causes almost no
damage. The arc roots move in suc-
cessive jumps, leaving insignificant
fraces, in the form of small circular stains
a few mm in diameter.

Conversely, if the arc is hindered or stop-
ped in its travel, even for a few hun-
dredths of a second, i then causes
serious damage : fusion of metal and
combustion of insulators.

obstacles along the arc path

The behaviour of the arc with respect to
discontinuities in the bars along which it
is propagated is, however, relatively ran-
dom, in the same manner as the obsta-
cles it encountars.

Thus, a sudden change in direction atong
a set of linear bars can cause the arg
either to stabilize on the sharp edge for-
med by tha bars, or continue propagation
along a new direction imposed on It
To halt arc propagation, the most appro-
priate process is to run the bushars
through an insulating screen. This will
fulfill its function correctly onty if it forms
a veritable feedthrough moulded around
the conducting bars. A clearance of the
order of one milimeire between the
insulating screen and the bar metal is
sufficient to enable ionized gases to
cause arc-over again on the other side
of the screen.

the various effects of arc

The thermal effect : this is the most
important manifestation of the electric
arc .

The calorific energy Ea = Ua. lec. tis
proportional

@ to the arc voltage Ua, of 100 Volts or
more

® to the rms current of the fault isc,
generally some tens of thousands of
amperes for LV, while less for MV

m the duration of the fauit t, controlled
by the intervention time of the associated
protection relays and circuit-breaker,
The heat given off melts the metal, car-
bonizes insutators, heats the surroun-
ding air, the pressure of which increases
suddenly if the surrounding volume is
restricted. Too often, the enormous
quantity of heat given off by fault arcsis
underestimated. As an example, a fault
current of 10,000 Amperes for a period
of one-tenth of a second is ail that is
reguired to melt half a 150 sq.mm cross-
section cable.

The pressure effect : this results from
very rapid heating of a limited votume of
air, causing those who have witnessed
it to compare a short-circuit to an explo-
sion. Few enclosures or switchboard
doors withstand such internal pressures,
resulting in increased damage to installa-
tions. An arc flashover is also accom-
panied by impressive noise, resulting
from the sudden variation in pressure.
For AC, this noise would be even a roar.

The luminous effect of an arc is well
known, but, in addition 1o its extreme in-
tensily, ite consists partly of ultraviolet
radiation liable to affect the vision of a
persen located nearby, but above all in-
creases the surrounding ionization,

The ionization effect can cause repea-
ted arc-over between parts under vol-
tage, separaied by an insulating interval
which, under normal atmospheric condi-
tions, would be correct. These repeated
arc-overs result in secondary arcs, inde-
pendent of the initial are, which are pro-
pagated along different portions. This
explains the multiple arc-overs observed
after a strike in a switchboard, rendering
it difficult to locate the exact origin of the
fault.
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set of busbars : 6 metres
photo rate © 10 ms
axposure time : 1 ms

| = 14 000 A rms (circuit)
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fig. 2. oscillogram and photograph correspanding to an are propagation st on a 14 000 A rms 300 VY circuit.
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3. reducing the probability of arcing

The steps to be taken must meet the cor-
responding fisks ; these are of three
fypes :

= type 1 risks :

These result from the actual construction
of the overall instaliation : insulator qua-
fity, minimum insulating distances, effi-
cient tightening of connections, rigidity
of bars between mountings, bar beha-
viour in the event of eventual current sur-
ges (overheating, resonance), access of
animals to parts under voltage.

B type 2 risks :

These result from more or less foreseea-
ble accidents : sudden ingress of water
or water vapour in a switchboard, shock
from vehicles or loads, resulting from
mishandling, excessive vibrations due to
the proximity of certain machines.

m lype 3 risks :

These result from waork carried out by
personnel.

Type t risks can be eliminated by care-
ful construction and by complete checks
at end of construction at the manufactu-
rer's works and again prior to energizing
on site.

For these risks, the imporiance of the
actual design of the eguipment should be
noted ; the operational safety of instal-
lations depends on the technical value
and know-how of the design office
personnel.

Type 2 risks, although impossible to eli-
minate totally, can, however, be reduced
by choosing the layout of the various
parts of the installation.

The special case of switchboards instal-
led aboard ships should aiso be noted :
arc fauits due to the arrival of sea water
on the bars through ventilation ducts, or
due 1o abundant condensation resulting
from a heavy steam leakage have heen
chserved.

These accidents can be avoided by a
complete preliminary survey of these
aexternal risks and the methods used to
eliminaie them (6),

Type 3 risks are directly related to the
drawing up and respect of personnet
maintenance and operating instructions.
The competence of the personnel autho-
rized to work on the equipment should
be guaranteed. The overall safety of the
instaltation Hself, or a plant, and of
course, personnel safety depend dirsctly
on the seriousness with which personned
approach their work.

It is always possible to design and pro-
duce switchboards whose busbars and
branch circuits can be protected from
unwanted tampering by personnal,
One method consists in placing all bars
under voltage in metal sheaths, thus ena-
bling personnet to work safety on adja-
cent control circuits.

The safest method, but also the most
expensive (widely practiced in the Uni-
ted States) consists in completely shea-
thing all busbars, connections and con-
nection paris by coating the conductors
in an insulator such as Rilsan, and wrap-
ping all other parts under tension with
insufators after installation.

4. limiting the consequences of an arc

in spite of all the precautions taken, it is
possible that a fault arc may occur, but
with a very low probability ; if so, it is
necessary to reduce the damage that
may be caused, so as {o be capable of
rapidly and inexpensively re-establishing
enargy distripution.

Various methods can be applied 1o this,
resulting either from switchboard cons-
truction methods, or the design of the
diagram or protective devices used.
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reducing the fault current

The thermal effects are proportional to
this short-circuit current lsc, which often,
in LV applications, can be considerably
reduced by the use of limiting circult-
breakers {9) {10).

It is therefore recommended o use this
equipment for switchboard incomer
circuit-breakers, where their characteris-
tics (range, partial selectivity) are com-
patible with the instaliation.

But, in LV networks in which high power
is provided by several transformers or
generators connected in paraflel, the
short-circuit current value on the busbar
sets can reach or even exceed 100,000
A rms. This involves & risk of heavy
damage in the event of a switchboard
faull.

This risk can he considerably reduced by
adopting distribution diagrams similar to
those used aboard ships, and whose
high degree of safety is well-known.



coupler-timitar

incomers

fig. 3

feeders

A

fig. 4. ultra high-spaed couplerimiter DURT 8000 installed in the container ship FORT DESAIX

The generators are distributed over per-
manerntly connected half busbar sets, for
operational requirements, through a cou-
pling circuil-breaker {fig. 3).

This high rating device, 3 00010 6 000 A,
is generally highty limiting, calling for a
design principle much different from that
used in conventional limitars. in fact, the
Himiting capability of conventional limiters
decreases as the rating increases ; there
15 no equipment of this type beyond
2 000 A. Therefore, {o resolve this pro-
bleam, Merlin Gerin have developed an
ultra high-speed limiter circuit-breaker
DURT. the opening time of which is [ess
than one millisecond (fig. 4).

The short-circuit current on the busbar
set is reduced almost to half of its calcu-
tated value with all sources operating in
parallel. This reduces risks in the event
of a major swiichboard incident.

Moreover, this major decrease in short-
circuit current proportionally reduces the
break capabiity of all feeder circuit-
breakers ; the economy thus obtained on
the equipment compensates the supple-
mentary cost of a limiting coupling
circuit-breaker.

reducing fault duration

The thermal effects are also proportional
to this duration t, which is attempted to
be reduced by eliminating the fault as
rapidly as possible. But, the equipment
used for this purpose is source circuit-
breakers, the selectivity requirements of
which often call for time delays. The least
that can be done is to ensure that the
delay settings are as low as possible,
without withdrawing apparent safety
margins from these times, which wouid
be regrettable in the event of shornt-
circuits on a set of busbars.

it has been demonstrated that a fault of
20,000 A, which is relatively low for LV,
propagates at 300 metres per second,
aimost at the speed of sound ; therefore,
the arc can cover 45 metres over the first
150 milliseconds of the time delay.

in order to remedy this situation, Merlin
Gerin have developed a new system
logie selectivity (8), enabling conserva-
tion of absolute selectivity without being
obliged to increase circuit-breaker delay,
insofar as these are installed further up
system, a principle already used in
chronometric selectivily,

consumable screens
and arc traps

It is possible to conceive a busbar arran-
gement such, that after a certain travsi,
the arc remains « locked onto » one end,
withoutl propagating any further : then,
the consumable screen, the thickness
of which is determined as a function of
the probable power {0 be absorbed, is
inserted in front of the arc.

This screen may be either metallic : the
arc will then be absorbed in melting the
metal, or a mineral insulator with suffi-
cient resistance to heat. By combustion,
an organic insulator will produce gases
having dangerous effects. it is also pos-
sible to place parts of appropriate shape
on the bars, the purpose of which is to
direct the arc in a direction in which its
consequences will cause less damage
and will, at least, be controlied by a con-
sumabie screen. These devices are
known as « arc traps ».
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feedthrough, screens

Division of a set of busbars into several
sections, as described above, can be ad-
vantageously accompanied by efficient
physical insulation between the various
sections. Feedthroughs of this type form
screens against which the arcs stop, but
their compaosition must be such that they
withstand arc heat for the required time.

advantage of enclosed
unit cells

It sometimes happens that a fault arc oc-
curs on an item of eguipment subse-
quent to a tool or piece of metal being
left on the surfaces of the equipment.
Generally, the arc thus created finds ade-
quate conditions for local persistence,
and remains « locked » to the equipment
involved, while strongly ionizing adjacent
zones. The result of this is that, if the item
of equipement is located on a framework
or structure, ionization can entail arc-
overs on adjacent circuit-breakers and
busbars resuiting in general arc-over
throughout the installation, Conversely,
if sach item of eguipment is separated
from the remainder of the installation by
meta! walis, the risk of fault generaliza-
tion is eliminated.

Each operation device is installed in a
- upitary cell, which nevertheless contains
a neutral zone enabling expansion of
gases to prevent pressure surges.
The input and feeder terminal feed-
throughs are made by means of in-
sulating feedthroughs, limiting the con-
sequences of an arc to the inside of the
cell in which it occurred, or protecting the
cell against arcs of external origin.
Device operating manasuvres (opening-
closing), as its line and load side discon-
nection {withdrawing), are made with the
door closed,

Since withdrawing precedes opening of
a cell door, the personnel working direct-
ly on the equipment (for maintenance,
testing or replacement} is therefore out
of range of the busbars and protected
from flashes from a cutout device located
in an adjacent cell.

resistance of MV switch-
boards to internal arcs

For high safety instaliations. it has
become necessary to  design
prefabricated HV switchboards capable
of withstanding an internal arc, without
affecting the safety of personnel in the
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proximity of the switchboard, either due
to burns or ejection of switchboard
components.,

The design of such special switchboards
involves real power tests, followed by
simulation using computer programs.

The process of evolution of an originating
in an enclosad volume equipped with the
required pressure relief valves involves
complex phenomena during the foliow-
ing phases :

m compression phase (5 to 15 ms), dur-
ing which the pressure rises between 1.2
and 1.8 bars,

A the expansion phase {about 10 ms),
foltowed by opening of the pressure relief
flaps, and coinciding with a pressure
drop,

& the emission phase (200 to 300 ms),
during which hot gases are quasistabiliz-
ed mode evacuated.

w thermal phase (200 ms, up to several
seconds), during which the arc burns
plating and insulators up to perforation.
For example, 4 mm plating is punclured
by a 35 kA arc in 300 ms.

Verification of the internal arc behaviour
was first of all classified by a PEHLA
(German test organization) directive.
and, since 1978 , by medification No. 2
of CEl 298, subsequent fo the work of
subcommittee 17C.

opto-electronic detection

A noticeable reduction in the destructive
effects of arcs can be obtained by reduc-
ing their duraticn below the conventional
limit of one second; this limit cor-
responds to an often long time for pro-
tection device to act, for selectivity re-
guirements. This reduction in arc dura-
tion is rendered possible by installing
opto-glectronic detectars, which cause
the master circuit-breaker (input or coupl-
ing) to open in less than 100 ms. The
thermal phase is practically nonexistent,
resulting in a notable reduction in
damage, with a rapid return to normal
service.
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