WO 2006/003445 PCT/GB2005/002638 Electrical Circuit with Incendive
are Prevention Means This invention relates to an electrical circuit with
incendive are prevention means, for use particularly, but not exclusively
wo pewMpastible atmospheres, and in particular gas group cssifisatisnii€s
Hydrogen and Acetylene, and below, for example gas group IIB and IIA,
for gas and/or dust. Traditional intrinsically safe power supplies for use in
such atmospheres operate by continuously limiting the energy to a
system, such that any potentially incendive occurrence is always
adequately engiegyritaiiGidad eitiafecewdiiveTdns Plieniation Meeoatinuously
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Figures 2 and 3 are simple diagrammatic views of alternative known
intrinsically safe power supplies. Figure 2 shows a non-linear power
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and a lower short circuit current "are created, which allows a much higher
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equipment may be functioning in a safe or non-incendive manner. As a
?Qgﬁﬁitfﬁ%@%%[ﬁ@gare limited to a low power. WO 2006/003445
PCT/G82005/002635 -2 An alternative approach is to use a reactive

power sHpRI, iSUCkASIS FiRFiRsFStic view of a known intrinsically safe power
supply. Alinear intrinsically safe power supply comprises a clamped voltage source V
and a current limiting resistor R. A potentially incendive fauit 4r, 4 is non-incendive
because of the current and voltage restrictions to the power supply.

Figures 2 and 3 are simple diagrammatic views of alternative known
intrinsically safe power supplies. Figure 2 shows a non-linear power supply
comprising a trapezoidal type current limiting circuit, and Figure 3 shows a
rectangular type current Himiting circuit. in these examples the current is controlied in
a much tighter manner so a higher working current and a lower short circuit current
are created, which allows a much higher inductive load.

The major drawback of these types of systems is that they continuously limit
the energy to the circuit even though the attached equipment may be functioning in a
safe or non-incendive manner. As a result these circuits are limited to a low power,



by US Patent No. 5982594, however this system is somewhat limited in its
application. The power source only reacts to a particular type of formed
arc that has repeatable and discernable characteristics which are
wdiffededtdsa resistive fault or a load, and which are typicalPefigaB20fr03638
lower than IIC. The arc characteristics found in a ‘'non-mining' gas group
[IC would not be adequately detected..@ther known systems can detect a
series make or break in an electrical path, but only where the path is
non-inductive and protected by mechanical protection means to prevent
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ential to form arcs. Therefore, accarding to the present invention an
Zrl%%{hcg—lr%}%nlép %%Srr%ﬁu Z@%BW&%BS&%%@@H 685K Shcendive arc
prevention means comprising a monitoring means and an isolation

meansolfeh e MR REASHRBIAIG: GG R CURULEY patn,

mean? of a reactor means, in which if a short circuit with the potentia
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to the cable length that can be used.

The present invention is intended to overcome some of the above probiems
and 1o provide a novel approach which reacts dynamically to both arcs with the
potential to become ineendive, and short circuits with the poteniial to form arcs.

Therefore, according to the present invention an electrical circuit comprises a
power supply, a ioad and an incendive arc prevention means comprising a monitoring
means and an isoiation means, in which the monitoring means monitors the
electrical circuit by means of a reactor means, in which if a short circuit with the
potential to cause an incendive arc oceurs in the electrical circuit the reaction of the
reactor means is detected by the monitoring means and the isolation means fully or
partially isolates the power supply from said short circuit, such that an incendive arc
cannot occur, in which if an event with a eurrent and/or voltage pattern which is
characteristic of a propagating non-incendive arc oceurs in the electrical gircuit



detected by the monitoring means, and the isolation means fully or
partially isolates the power supply from said event, such that an incendive
arc cannot occur, in which said monitoring means and said isolation
means are disposed at the power supply end of the electrical circuit, and
in which the incendive arc prevention mé&ans further comprises a load end
monitoring means and a load end isolation means. Thus, the present
invention deviates from the traditional method of limiting the energy of a
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the rest of the circuit, or is only isolated up to a point at which danger is
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propagation of an incendive arc is a little more complex than this, as it

depends on the voltage potential across it as well as the energy dissipated
into it.(Hewsvessthi! fiy strardtiabsisoip@saitt et adtevistio o fetthr aesis. The
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resistance of between twenty and fifty Ohms, and typlcally twenty-five to
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The present invention relies on the characteristic effects of non-incendive

arcs, and the characteristic effects of short circuits or connecting circuits.

Put simply, incendive or non-incendive arcs that form in gas groups HA, 1B and
lIC propagate through the combustibie gas between two conductors by heating a
path through the gas between the two conductors. in other words the arc's path
through the gas has a resistance which converts electrical energy into heat energy. In
fact the propagation of an incendive arc is a littie more complex than this, as it
depends on the voliage potential across it as well as the energy dissipated inte it.

However, the first and most important characteristic of such arcs is that for
the first ten microseconds or sg, they exhibit an approximate resistance of between
twenty and fifty Ohms, and typically twenty-five to thirty Ohms. This is a repeatable
and defined characteristic that is inserted into a circuit when the arc is formed. After



WO 2006/003445 PCT/GB2005/002638 -4 that time an are begins to
obtain an infinite impedance characteristic that frequently attains a
resistance that provides maximum energy conversion at the highest

Wi enemoanid voltage it can draw from a given power sourcePETIGB2043802638
graph showing the properties of a propagating arc. As shown in Figure 4,
in the first ten microseconds or so the_gnergy of the arc remains in a non-
incendive zone 35, and after ten microseconds or so the arc moves into
an incendive zone 34. The arc event of Figure 19 is characteristic of a
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arc 17 has an apparent resistance Rarc. For the first ten microseconds
the arc resistance Rare has a value of typically twenty-five to thirty Ohms.
This charactgristic/is (g make-type arc and break-type arcs. Figures 6
and 7 are simple €ljpgrammatic views of a make type arc and a break

type are. In Figure 6 a make type are closing 3c has an internal
wherte £ is the required energy 1o instigate an incendive reaction for a given

" Stoichiometric oxidizer/fuel burn, or for an oxidiser/fue! ratio that requires the jeast
energy 1o ignite. (Some spark test alternatives require oxygen and hydrogen mixtures
to be used, which is the most easily ignitable combination, and allow simple testing
with a safety factor included and without the requirement for test circuit adjustments,
such as voliage and/or current, to account for a safety factor.)

Therefore, there is & window of ime of between about zero o ten

microseconds or so to perform an evasive action before any arc becomes incendive.

Figure 5 is a simple diagrammatic view of an arc. In Figure 5 an arc 17 is
generated across a spark gap 18a to 18b, and the arc 17 has an apparent
resistance Rarc. For the first ten microseconds the arc resistance Rarc has a value of
typically twenty-five to thirty Ohmes. This characteristic is true of make-type ar¢ and
break-type arcs. Figures 6 and 7 are simple diagrammatic views of a make type arc
and a break fype arc. in Figure 6 a2 make type arc closing 3¢ has an internal
resistance Rarc, and in Figure 7 & break iype ar¢ opening 30 also has an internal
resistance Rare.



resistance Rarc, and in Figure 7 a break type are opening 30 also has an
internal resistance Rarc. WO 2006/003445 PCT/GB2005/002638 -5
Apart from creep type arcs, which are accounted for in intrinsically safe

Wi 2igesistaese two types of fault are the only fault scenariogdhat gmnsooz263s
occur, and they are electronically or electrically detectable by the reaction
of the reactor means of the present inygntion. There are different types of
fault which can lead to a make type arc or a break type arc. Figures 8 and
9 are simple diagrammatic views of circuits with a number of possible
fault scaprrtisratreémiyishares beideteetedoandtde adt withdamdhapresent
[ i i t ts including a make-type are
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Withalsstepiprstentisabe Aatoatabicrbythg waclineoi ibetrbasti typararof the
forasb@renamiggiual are forms, and a subsequent physical break td, with
the potential for an incendive are to form. An occurrence which could lead
to these faults could be a resistively oxidised piece of metal falling across
power F&REe @BIBIRBNTBIEsSERidiikeith orfdtadtramakeigie’ arpwst break
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in_Figure 8 has a high enough resistance or conductance to prevent any
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daweioignored. However, the present invention is intended to be used

with higher power circuits which do not have enough resistance or
conductance to prevent an arc becoming incendive, and thus all faults, or
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mgg}p&‘g theT present invention t%]ecause the voltage in the circuit drops.
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arsubsequent physical break fd, with the potentiai for an incendive arc to form. An
occurrence which could lead to these faults could be a resistively oxidised piece of
metal falling across power rails. Obviously, for a *break’ like fo or 7o to occur, a ‘maka’
must first ocour. Of course, if any resistive or conductive fault like those shown in
Figure 8 has a high enough resistance or conductanse 1o prevenﬁ any arc heing
incendive, then the circuit will be intrinsically safe, and the are can be ignored,

However, the present invention is intended to be used with higher power
circuits which do not have enough resistance or conductance to prevent an arc
becoming incendive, and thus all faults, or any event which appears to be a fault,
must be dealt with.

Shunt type Taults of this kind are readily detectable from the reaction of the
reactor means of the present invention because the voltage in the circuit drops.

Figure 9 shows four series type fauits including a make-type arg fa, where an
actual arc forms, a physical contact fb, where the potential for an incendive are
forms, a subsequent break type arc fo, where an actual are forms, and a subsequent



actual arc forms, a physical contact fb, where the potential for an
incendive are forms, a subsequent break type are It, where an actual are
forms, and a subsequent -6- physical break fd, with the potential for an
incendive arc to form. Any of these "faults” could be normal operating
occurrences like a connection or a switdr action. Series type faults of this
kind are also readily detectable from the reaction of the reactor means of

qtgé resent in gnti_on, either by a voltage rise or a voltage drop across the"
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e monitoring means and isolation means on their own would make
PBREHRL WrRrMEFRNEGHIFTES breltBRTAYacQlRES M OOV AEEtHECP across the
rinraitsioneeihe load end monitoring means and the load end isolation
means also make this possible with very long cables typical of large
instillations. If the arc prevention means were located by the power supply
(or thel treas) Ty, anefd velsitidea hestretion will thedengthiated that the
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becoming incendive, and to do so the power supply or the load is fully or
partial!y iﬁolated. How,éaver there is still ene%@/ in, the cable afte{ the power
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.exhausting of the ener é/ in the cable. This propagation time is again ,
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wiilctelsgcamdse niakiag thedotakline frocroliteonds. Therefore, if a propagating

non-incendive arc occurs at one end of a one-kilometre cable, the event will not be
detected at the other end until six microseconds later. After detection, the non-
incendive arc must be quenched to prevent it becoming incendive, and to do so the
power supply or the ioad is fully or partially isolated. However there is still energy in
the cable after the power supply or the foad is isolated, and this energy continues to
fue! the arc because it must be exhausted. Therefore, there is a further propagation
time from the point the power supply or the load is isolated to the full exhausting of
the energy in the cable. This propagation time is again proportional to the cable
parameters and will be a further six microseconds, making the total time, from the
beginning of the arc event to quenching of that arc, approximately twelve
microseconds. in addition, the detection and reaction time of the arc prevention
means is not instantaneous, and may typically by as high as one or two microseconds
in duration. In addition, the arc prevention means may have an elevated detection
threshold as a result of empioying a deadband to avoid reacting to noise on the line
(further details of which are described below), which can alsc add to the delay in
reacting. Further to that, in



beginning of the arc event to quenching of that arc, approximately twelve
microseconds. In addition, the detection and reaction time of the arc
prevention means is not instantaneous, and may typically by as high as
one or two microseconds in duration. In addition, the arc prevention
means may have an elevated detection threshold as a result of employing
a deadband to avoid reacting to noise on the line (further details of which
are described below), which can also add to the delay in reacting. Further
to that, in -7- practice there may be additional capacitance loading or
damping on the cable, which will also add to the delay times. However,
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electrical circuit, cables of one
wihsbmAddiimE R ag'andifgBRtion means can fully or partially isolate the
load from the electrical circuit if the voltage drops below a pre-determined

threshgld. With this arrangement the load is isolated if a short circyit wjth
the. Pt D8 B o e A e et s AL AP
hivp siesiical pprpibnaiss afidrcadaniength oaphetisdsdisolates the power
supply, because under such circumstances the voltage will drop. This
arrangrjlement will also isolate the load if the voltage drops in the circuit for
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voltage pattern which is
reference voltage. The output of the comparator can be used to fully or partially

isolate the load from the electrical circuit.

This arrangement adds further safety into the sysiem because the load will be
fully or partially isolated in the event of a short circuit It also aliows for other features
described below fo function. This arrangement is a relatively simple way of isolating
the lcad, and it has a number of practical applications as described below.

However, in other embodiments a more complex and dynamic arrangement
can be used, in which if an event with a current and/or voltage pattern which is
characteristic of a propagating non-incendive arc ocours in the electrical circuit
between the power supply and the load, the load end monitoring means can detect it



characteristic of a propagating non-incendive arc occurs in the electrical
circuit between the power supply and the load, the load end monitoring
means can detect it WO 2006/003445 PCT/GB2005/002638 and the load
WerdHgiatidn means can fully or partially isolate the load frafiTEERROBY/@1T638
This arrangement effectively doubles the length of cable which can be
used. However, in one version of the_gvention the power supply end
monitoring means and isolation means can be spaced apart from the load
end monitoring means and isolation means by such a distance that either
aneibe tiverhecalisdérbot amchys eac fudly no pdriceiydsetats éhwhiel Gocussidt
Apoint in the circuit between them. This version is doubly safe as the
electrical circuit has a built in redundancy system. However, in a preferred
embodiment the power supply end monitoring means and isolation
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elegtrical circuit as described above experiences a fault, remedial action
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which can probe for faults, and reconnect the power supply when the fault
ends. Therefore, in a preferred embodiment the electrical circuit can be
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would be present.

It wiill be appreciated that if & functional electrical circuit as described above
experiences a fault, remedial action may be required. However, to avoid the necessity
of having to manually turn the electrical circuit back on, a fault probe circuit can be
provided which ¢an probe for faults, and reconnect the power supply when the fault
ends.

Therefore, in a preferred embodiment the electrical circuit can be provided
with a non-incendive fault probe circuit. If the power supply and the load are fully or
partiaily isolated in use, the non-incendive fault probe circuit can pass non incengive
level current and/or voitage into the electrical circuit. The non-incendive fault probe
cireuit can be further adapted to remove the full or partial isolation of the power
supply when resistance in the electrical cireuit rises above that at which a short
circuit would be presant.



WO 2006/003445 PCT/GB2005/002638 -9 The fault probe circuit allows a
cable to be assessed for potentially incendive faults without allowing the
fault, should one exist, to attain enough energy to become potentially
Wipeehdrd4F-or example, if a resistive fault occurs across a eableB2{usles63s
and it is at least lower than a resistance that could lead to an incendive
are, then the fault probe circuit will nagallow any incendive energy to the
cable, regardless of the fault's potential. It will be appreciated that if a
break occurs in the electrical circuit, the fault probe circuit will remove the
full or phgtiaLis cltiercttiicabowvecr caippliv hecatessto Shortetsliy drcendive
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become incendive in these circumstances because the incéndive arc
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a propagating non-incendive arc occurs in t ica CH‘CUI e power
supphypeirttidolation means can fully isolate the power supply. In th|s
embodiment the non- incendive fault probe circuit can be powered by a
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electrical circuit, the power supply end isolation means can parti
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nesis cah tivefatie pober dinppiy aasite powered by said partially isolated

power supply. It will be appreciated that a fault on a cable may comprise
similar characteristics to a load, and therefore if the load were still
connedficdtcetrboshtsient e it iisit widuiberpgidadatify deasesafaincendive
EhisoisaRydhedang eDA4aeiDRr voltage pattern which is characteristic of a
propagating non-incendive arc ocours in the electrical circuit, the power supply end
isolation means can fully isolate the power supply. In this embodiment the non-
incendive fault probe circuit can be powered by a second power supply different from

the electrical circuit power supply.

However, in a preferred arrangement if a short circuit with the potential to
cause an incendive arc, or an event with a current and/or voltage pattern which is
characteristic of a propagating norHincendive arc ocours in the elecirical circuit, the
power supply end isolation means can partially isolate the powsr supply to a non-
incendive ievel. Thus, the non-incendive fault probe circuit can be powered by said
partially isolated power supply.

it will be appreciated that a fault on a cabie may comprise similar
characteristics to a load, and therefore if the ioad were stilt connected to the cable
the fault probe circuit may identify i as a fault. This is why the load end isclation
means fully or partialty isolates the load from the electrical circuit if the voltage drops



means fully or partially isolates the load from the electrical circuit if the
voltage drops WO 2006/003445 PCT/GB2005/002638 -10 below a
pre-determined threshold. This action allows the cable to be assessed
WinaedpHdntly of the load. The electrical circuit can be proViE&(#a0a5/002638
recovery control means. After a fault has ended the recovery control
means can energize the electrical circgi-gradually over a time period
sufficient to prevent the power end monitoring means and/or the load end
monitoring means interpreting the energising of the electrical circuit as an
OGN WRFEAIeEreinedribyesvaitafuspattomaibichiiecleia debis tssebsed

eesgRingy ReMingRdive arc. Preferably the recovery control means
can comprise a function generator which can directly or indirectly variably

adjust the output voltage and/or current of the power supply. The same

thing cémeleptoedd etcatttban|baghenidicn witacticovéhecelaesriarliscuitara fault
e VRMIeR may R usad i -\Vj unication system, and

there may be interru%#ongag%%l%ﬂ%%ggﬁgfggl%nm %%8%%0&@{%{@ Balréga”y

RHFS CrBT PSR AN BRFtRECYGBEARE RPKE SRAMOPERTEESRIN anditns the
load chberefotsitenname iiReRRMLARR RLINAJ BE NS ANGSIRBON as an

b ted to not full ially isolate the pc ly
B L AR e B R A megsune

Headnendigbais a mean current or voltage level. Likewise the load end
monitoring means and isolation means can also be adapted to not fully or
partiallé[isolate the load from the electrical circuit when noise or signalling

is deteCIBERRAMINE RIUBY SR MEARTRN COrPRER AoRaHRN 8oBRrFtee
vezichoram eimactides andiestiboseabBra iR anclevisa: whiclsa\ih seack ifrént of

gﬁg %WQJ% \Am f.égeé Its descrihed abave pccur. WO

R oRopLSuaN SR Sl g sabe o Biiedg S MRIaLE.
In practice, the electrical circuit of the invention may be used with a two-wire

communication system, and there may be interruptions, signalling or noise on the

circuit. This noise must not repeatediy trigger the system to isolate the power supply
or the load.

Therefore the power supply end monitoring means and isolation means can
be adapted to not fully or partially isolate the power supply from the electrical circuit
when noise or signalling is detected within a deadband about a mean current or
voitage level.

Likewise the load end monitoring means and isolation means can also be
adapted to not fully or pariially isolate the load from the elactrical circuit when noise
or signaliing is detected within a deadband about a mean current or voltage leval.

The reactor means described above ¢an be any device which will react in a
detectable way when any of the faults described above occur.



-11 There are several known electronic circuits which could be used to
detect the faults described above. Therefore, in one embodiment the
reactor means can be an active electronic gyrator adapted to emulate

windeetondaghaviour. In another embodiment the reactor meangcpnBR® 638
resistor. However, in a preferred embodiment the reactor means is an
inductor and reaction of the inductor tq a short circuit, which is detected
by the monitoring means, is a voltage change generated across the
inductor. In one version of the invention a shunt resistor can be

connectedraciess:theaingiaaio blénradiehitages ofising e nousdarisdbatt the
R HDBECANES AbAL IRURINA T, GHE A O SREE - 3 DR 288 be an

from occurring on a ve CIrCUIt ere ore
éﬂ@i?fﬁ&i%ﬁmﬁ @ﬁat@ﬁécfame@t@mr@mmequ@mmmommhe full

QiR 3R IEOR AR e BANNSIFURPLY ReRgySe No short circuit or
resistance indicative of a fault is present, no make-type are can form

because of the inductor impedance. The inductor can be monitored with a
"windoWowgyerconapariSoredneeasutieneanthd heseforesdhss powemsuply and

ROS IR OHRG RS AR SN MGRAS i€ %‘%%PB W @ﬁ%ﬂ‘éﬁr{% means,

referenced comparator means and a negatively r Srente

éaREERCRRNBE FBPYUAIG L BRAIRES HISr i aapt Ye ISt M RNy @rﬂp@m’mrytzon a

isolaterdbizipover isuppiidotsn HieoelesiEsadeiteyit. The positively
referenced comparator and the negatively referenced comparator can be
referenced to the source voltage. (The invention also includes

embodfifi@siairiaghietusing an pokichaslis dhairilyedrmeeriinelpirefeirenoest will
CORRRRSARILBIEANE fRaksage HReARRY SRA MR INRsans %@@#&Pe uge

grﬁaﬁ:tor means in the form of an active electronic gyrator adapted to

PESHER o B &R SBPYRRTIBR Tastimsole, qﬁca!bﬁékﬁe@wenﬂy removes
&matfotlion eattah iBuaitio oisius pdweai SUpp Y Beosise SIUHOICSIRIGH or resistance
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impedance.

‘The inductor can be monitored with a "window™ type compatison
measurement. Therefore, the power supply end monitoring means and isolation
means ¢an comprise a positively referenced comparator means and a negatively
referenced comparator means. The output of said comparators can be used o fully
or partially isolate the power supply from the electrica! circuit. The positively
referenced comparator and the negatively referenced comparator can be referenced
to the source voitage. (The invention also includes embodiments in which only a
positively or only a negatively referenced comparator means Is used.)

The toad end monitoring means can also use a reactor means in the form of
an active electronic gyrator adapted to emulate indictor behaviour, or a resistor.

However, in a preferred embodiment an inductor is used, with or without a
shunt resistor connected across it. As above, the inductor can be monitored with a



-12 "window" type comparison measurement. Thus, the load end
monitoring means and isolating means can comprise a positively
referenced comparator means and a negatively referenced comparator
wme@a®oFke output of said comparators can be used to fulBCERFMRAIN2638
isolate the load from the electrical circuit. The positively referenced
comparator and the negatively referenged comparator can be referenced
to the incoming voltage. The invention can be performed in various ways,
and multiple embodiments will now be described by way of example and
Withdeferaneatmtiaisccommanymgnd rEwin gse inadeok: rigikeidg snaans and
danra UGy I8 Al ARKoabinas Rakysale: SialdeaLFiaulTaan's 2
is a diagrammatic view of another prior art intrinsically safe electrica
QREFHVER(RIETSIeeY ARARPArAIAL IS THrANEBE O FRIF SsAmMmRRciREamn be
safed eaalyieRpeiresliy ;Edﬁhi@éﬁgaimé?fﬁﬁﬁ M&ié@?d;@mm%@smveéy.

t n.arc; Fi is_a.diagrammatic view of an arc; Figure 6 is
e SR o e R R R B e e
6% BBregrpivaleeeigure 8 is a diagrammatic view of a number of
shunt-type fault scenarios; Figure 9 is a diagrammatic view of a number

of series-type fault scenarios; -13- Figure 10 is a diagrammatic view of an
c
T

electri GRUCLEHAING PR T RS N WASH, 30g M Rlgegbodiments
eNdiomam headizsoitbaddhitha e axmahtirenit withwaterehigute:Ad adoighparnhg
ia%@%tm&ﬁk‘? view of the power supply end of another electrical

circuit according to the present invention;

Figure 1 is a diagrammatic view of a prior art intrinsically safe
electrical cirouit;

Figure 2 is a diagrammatic view of another prior art intrinsicaily
safe slectrical circuit;

Figure 3 is a diagrammatic view of another prior art infrinsically safe
glectrical circuit;

Figure 4 is a graph showing the propagation properties of an arg;

Figure 5 is a diagrammatic view of an arc:

Figure © is a diagrammatic view of a make-ype arg;

Figure 7 is a diagrammatic view of a 5reak—type ars;

Figure 8 is a diagrammatic view of a number of shunt-iype fault scenarios;

Figure 9 is a diagrammatic view of a number of series-type fault scenarios;



Figure 13 is a graph showing the current and voltage change following
closing contact 3c, and opening contact 30, as shown in Figure 10 Figure
14 is a diagrammatic view of the power supply end of another electrical
circuit according to the present invention; Figure 15 is a diagrammatic
view of the load end of another electricél?"circuit according to the present
invention; Figure 16 is a graph showing the relationship between a
low-current cable probe zone and. a high current supply zone; Figure 17 is
2 orapHEHBe 4 LRI BHBANE o Qe 6 L el R P G rIchnE
accordnthtopties gres@shiirention; Figure 18 is a graph showing the
voltage tracking properties of an electrical circuit according to the present
invention; and, Figure 19 is a diagrammatic view of the power supply end
of anofigrreelects cadiicigcan metordiag tof the pleseiphirnvwentiahoNOin Figure 10;
2006/003445 PCT/GB2005/002638 -14 Figure 20 is a diagrammatic view
of the power supply end of another electrical circuit according to the
preseffigoveAtion;sFijage ainistx diagramimaio wisves gfitye powea suialy
end ol anainen dletical i iRada e present invention; Figure
22 is a graph showing the voltage and current properﬁés of the electrical
circuit, part of which is shown in Figure 21; Figure 23 is a graph showing

the re 1] f i ixeuit, ich i
Figure B Bioers S g s et A B R
electrieEsisigcin i cidiagdo Ben e sentantatied shiurén?Bdsra dfaph

showing the time-related performance of the electrical circuit as shown in

Figure 24;
Figure 14 is a diagrammatic view of the power supply end of another

electrical circuit according to the present invention:

Figure 15 is a diagrammatic view of the load end of another electrical

circuit according to the present invention;

Figure 16 is a graph showing the relationship between a low-current

cable probe zone and a high current supply zone;

Figure 17 is a graph showing a deadzone incorporated into an electrical

circuit according to the present invention;

Figure 18 is a graph showing the voltage tracking properties of an

electrical circuit according to the present invention; and,

Figure 19 is a diagrammatic view of the power supply end of another

electrical circuit according 1o the present invention;



Figure 26 is a diagrammatic view of the load end of another electrical
circuit according to the present invention; Figure 27 is a diagrammatic
view of a fault occurrence at a point along a cable in another electrical
ircuit according to the present invention; Figure 28 is a graph showin
Wt%é"a%mgé‘%‘action and quench timeline in the electrical circmﬁ)ﬁ?gﬁ;@v%/%)‘?ﬁ)gmss
Figure 27; Figure 29 is a diagrammatic view of the load end of another
electrical circuit according to the predént invention; -15- Figure 30 is a
diagrammatic view of the power supply end of another electrical circuit
according to_the present invention; and Figure 31 is a diagr ic view
of the THAHEAQ D PLHBRHEPRIRUEGY YNGR r%ﬁﬁéj} ¥oé%%egé?g§$§r
inventiectAcabbiowit atdigling otharpeteent barasiEit comprises a power
supply 6, aload 10 and an incendive arc prevention means comprising
monitoring means in the form  of .com[f)arator 43, and isolatiorn means, in
the foffBdEshiteR ADAEFRRMAIRERNGT HE R B TR SIS RePOR Hical
circuitdwcmeansrofiaseastivgneans pradhet foventbérinductor 5. If a short
circuit 111 with the potential to cause an incendive arc occurs in the
electrical circuit, in this case along cable C, the reaction of the reactor

meand<igure datscaian) 0 wiRs YR ASE A AU Brenebiatishtifeans

42 fully gsrRastiaivuisaies adpoweRaMpRIFR e Haid short circuit 111,
such that an incendive arc cannot occur. In this case the power supply 6

is fully isolated by switch 42. If an event with a current and/or voltage
patterfigiricB3dcharaptesisticing thprepaxgngorasticn et imadegidcalhich

could b 3rigs Diea AR SRl MARGrA Qo shunt make 110, or

anything like them, occurs in the electrical circuit between the power
supply 6 and the load 10, (i.e. on the cable C), the reaction of the reactor
meansfgige tateciasdpydinenannitoning inemas 48¢ afidibthésaletorcal

means 42 fully or partjally isolates t er supply 6 from said event,
o5, et SR e AR A
Figure 25 is a graph showing the time-related performance of the

electrical circuit as shown in Figure 24;

Figure 26 is a diagrammatic view of the load end of another electrical

gircuit accarding 1o the present invention;

Figure 27 is a diagrammatic view of a fault occurrence at a point along
a cable in another electrical circuit according to the present invention;

Figure 28 is a graph showing the arc detection and quench timeline n
the electrical circuit shown in Figure 27;

Figure 29 is a diagrammatic view of the load end of another electrical
circuit aceording fo the present invention;



arc cannot occur. In this case the power supply 6 is fully isolated by switch
42. Referring to Figure 11 the incendive arc prevention means further
comprises a load end monitoring means and isolating means similar in
construction to that at the power supply end. Therefore, if an event with a
current and/or voltage pattern which isléharacteristic of a propagating
non-incendive arc occurs in the electrical circuit between the power
supply 6 and the load 10, the load end monitoring means detects it and
the loddEBrIISoRAcHIBEaNS Alip Vi afttayrisokiteshly batidfamptsaid

event Q) RAPEIROMAR BEHIGE 20951002638, A Fiokiigs 10 and 11

show the invention in its most simplistic form. The following description
shows how the invention can be practically put into effect. (Figures 12

onwargg shom VarHous SerRaine AAROeISHLY AhahaTasteRstich ol tha

power supply end and the load end of electrical circuits according to the
preseft! GHISHGH R8I G RMINGESEPpIEKRITERNthat some of the features of
these sections of circuits will be interchangeable with others, and that
these different power supply end and load end arrangements can be

used NP USHbIHBHEN Wit R SlaT BRI S Ul Bmiaas awimurer supply 6, a load

IEDEMPA MEATE T B RAPISABTId P FRY IS igWiasn e SRBBnEEISESASSh the form
gumerals havgz bee% used.) Figure 12 shows the power Slcji{)i end of an
K ' Aah

IERPRRIPLRL P B ERIG A At B IO RIS thgsmenitoring
rPESIHONB thisnife el ik lbetwen 2iHoe DBWRIESHBRIY 2 BREFAMES RS, i8@he form of

.Vghen resistance in the circuit increases or decreases as a result of an
SCIRR G B SHOUD RS rtc RS PRLS LRGPP A REGR UG Brpocurs
o pien Eigatoodactr3oit e tus restesiipnghamge O the reiseut gengiaieddor means 5
'V%g%eqc%e tg)a e?2 aﬁrosls thre]n ien%uc)bo?r which can be detected. (It will be ,
Ppreciated thit M ARLORISA"S: trstBR ARR AR 35T AP HAVLtRatially

iszniesfiect@scose op o éroaf Hzédadimre dacits, lang guypuittherefosadie: arc
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event with a current and/or voltage pattern which is characteristic of a propagating
non-incendive arc, which could be series break 108, series make 109 or shunt make
110, or anything like them, occurs in the electrical circuit between the power supply
6 and the load 10, {i.e. on the cable C), the reaction of the reactor means 5 is
detected by the monitoring means 43, and the isolation means 42 fully or partially
isolates the power supply 6 from said event, 108, 109, 110, such that an incendive

arc cannot occur. In this case the power supply 6 is fully isolated by switch 42.

Referring to Figure 11 the incendive arc prevention means further comprises
a load end monitoring means and isolating means similar in construction to that at
the power supply end. Therefore, if an event with a current and/or voltage pattern
which is characteristic of a propagating non-incendive ar¢ occurs in the electrical
circuit between the power suppiy 6 and the load 10, the load end monitoring means
detects it and the load end isoiation means fully or partially isolates the load from

said event.



creates a non-incendive current step change which it would be safe to
ignore. Further details of a means to discriminate such events are
described below.) A shunt resistor 7 is provided to minimise the voltage

Wg’v%%g@gggés the inductor 5. Such a shunt resistor can als%pehﬁ%g%??g}(}&iggg

ower Impedance if a high capacity inductor is used in or aina
longer more easily detectable reaction time. The inductor 5 and resistor 7
amplify the effect of current and/or voléige change in the circuit,
compared to a conventional current sense resistor. WO 2006/003445

PCT/ BZQOS{ 02638, -17 When there is.any interruption to current flow,
which iSHi&ta goa Bﬁfﬂ?ﬂiesjgg\r”fétgerig\s’ies g?l%éﬂ qrgar}rw}a?ct)rs %ar)n qa{?gcrf%ﬁs a?wﬁcée (not
folowin dhectiptiage'Dueiuns theiivéntosr candpripretieativpanirderetio®t-the

(S8iplar1h NG RGUSHRIFRAB RS PERRRTHRBAL I RS WRlkias Rfistics of the

components of the circuit. Figure 13 shows the change in the current and

the ch [
RRYEIGE RN R ERSISARH BV reical S AGTREIRE B  he
ol |igntsiOeiabd Sopretistedibatisomtedf by tieatimentofdbistesZotins of

c%/f%ﬁ@éa’lﬂg Hiveeisubwitha gosingseniagtas: waulddeadipwards <5y

a circuit with an opening circuit 3o would tend towards infinity

eRshanevAe eaM A tRBSE AR HRR IR ARY SPTIHBATRM WY §aRA SRS a5

Apgrpianee Whtnooariipbipntes<me Satneesistopreliagsrrgsissaneesahsix
Oﬁ;ms. In the exanw?:)lebseho]wr%égj fault resistance 4r is also six Ohms.

' é?é'P&Q}‘fﬂ%"%'l%g V§ VO faﬁe C is approximately half the source voltage
and the opening voltage 90 is approximately one and a half the source

voltagyyf REIBONBHSHEGS R AP SUSINARLT R EfetAdhIRFANREAHRAGR0 the

9c is about twelve volts, and the opening voltage is about thirty six volts.
PFREEELIARIATLIATIAHER by SPRSIIANSE BT ST hREREON HfP WP
GaieriiniS BoLbd theontaiidnconnpiisciaruiiac iias tsasaidasenbedsa fasult
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opening contact 3¢, the current step change in the circuit generates a voliage

change 2 across the inductor which can be detected.

(It will be appreciated that the attachment or disconnection of a load may
have the same effect as one or other of the above faults, and it would therefore be
treated in the same way. In some cases, the attachment or disconnection of a load
creates a non-incendive current step change which it would be safe to ignore. Further
details of a means to discriminate such events are described below.)

A shunt resistor 7 is provided to minimise the voltage swing across the
inductor 5. Such a shunt resistor can also help to attain a lower impedance if a high
capacity inductor is used in order to attain a longer more easily detectable reaction
time.

The inductor 5 and resistor 7 amplify the effect of current and/or voltage
change in the circuit, compared to a conventional current sense resistor.



current and/or voltage will follow the same arguments as above, although
they will be less pronounced. Figure 13 shows how the step changes are
readily detectable. It will be appreciated that the invention will work with

ﬁh%gﬂgynced step changes, provided they are still meg; %@ﬁo‘%ez(ss
urther attribute of the inductor 5 is that the DC resistance to current is

very low, and therefore the efficiency is high when considering power
sources. If a resistor like resistor 7 wek& used alone, it might cause
unacceptable voltage or power losses for many power supplies. Of

course BmSYsn I3 voIt s WO 2006/003445
PCT/GBZ%)%%%%)%Z%J égﬂ E et ogsns%gg%gs A radisie cﬁ'%ﬁé?/cﬂ% AYeddieseres
5'atvie feSRAPEat e HECESENCH OGBS tetooliogacarpsais stilictor

adgquaiario alneastielRel APRIGEHR Y a RFRRIIMG S5 CORR6 BRIPG ional to
ﬁgtu e of trf]%electrlcal cwcw; shown in Figure 12 is that the inductor 51s

A Suthizien s&%f?(??%%a& atHS&LfﬁYét impedance to curtail or suppress

any make type fault or arc, 3c. The impedance of the inductor 5 is high

enougk R eyeRbAMhSRALREAR, ?ﬁé%uﬂ%@%%ﬁﬁé’é&’ %ﬁ]%%[::nlgcail% Blbwing

cornet, because the initial event current thro al or'ls Zero,
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piatasit by ipassuttozstsior, Ihaﬂaéﬁlqﬁ@&@t%mb ﬁﬁﬁw&cmﬁ)ﬂlg contact 3¢
pgipt wher pass current could cause an
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urrentd ? 83%’{@% erated, as a small step change from steady

B AR ISP Ay B15 R R 1HBRrRRve: BeraREmE
\OfteseReisapmitkiaaiehdssiibdrductevolagarand unenbatBLRAERS 9o is

8L htely one and a half the source voilage. The power source 6 is twenty-four
volts, so the closing voltage 9¢ is about twelve volts, and the opening voltage is about

W

thirty six volts. The current could change by as much as two amps based on the
above criterion.

Should the contact 4 comprise an are, like those described at fa and fc of
Figures 8 and 9, and that arc is of an initial twenty five ohms, then the step change in
current and/or voltage will follow the same arguments as above, although they will be
less pronounced.

Figure 13 shows how the step changes are readily detectable, It will be
appreciated that the invention will work with less pronounced step changes, provided
they are still measurable.

A further attribute of the inductor 5 is that the DC resistance o current is very
low, and therefore the efficiency is high when considering power sources. If a resistor
like resistor 7 were used alone, it might cause unacceptable voltage or power losses
for many power supplies. Of course, for lower current systems using higher voliages



the inductor is released if there is a step decrease in current of a
break-type fault following a make-type fault or a load. When the energy is
released it generates a voltage across the inductor, and if the inductor is

ted this would lead to a subsequent are, with a high probability of
“@%&%@ﬁéﬁacendive. As stated above there are active elec r%ﬁ%%?%ﬁsw’s
which emulate inductor behaviour, without the problems of stored energy
usually encountered with passive ferrt&inductors. Such circuits could be
used instead of inductor 5. WO 2006/003445 PCT/GB2005/002638 -19-

' ircuit in.Figure 12 experiences a positive or a negative ste
B B e B B S o e
i ghedistecra wehaiisie Jwsiithedpoteitite fireasintdectiveare) iy
ohriaoteristiaaahan arc, it is detected. This is irrespective of whether or
not the fault is an are or another unrelated fault with similar
characteristics. There is no discrimination between are formation and a

similarfsitghatfenstic nbinartasiyivaechcptiaholm adeigion additionathe inductor
BrRIBEHAnARRHPsIRADY S I b [pglance.
which provides ener éupp@gi%%%%%{gma e@%gt%oﬁﬁggg%%sgg s any
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I ing to the present invention. circujt
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BRARE fsReURhwiH sskdiiewasslicyiposit reacts to faults. A voltage
detection 23 is arranged across a dynamic current detection circuit
comprﬁg‘}‘%\i’ndl@(‘:tor 5.and shunt resistor 7, and a control means 21

control Y BT e eREM G ST SRIRRG S Pam SHaRtessss this efestiorm
PRI Brnteerharassrowheni cterdis tauscaamimcendive daultHerprientiabghate

fepdorpaiaies Anriibalt 3hove SN NG P5IRS Sleipn) gengiles an

|solat|ng%?ctlon to ad(_-:- uate Yy quenc e _arc_ 0} ransiton %8"1%’8“ 4r to
RERRIRS HMOHER Rp SRElstRI DyARdjodrkameimifarsiuired. During steady state

current, any increase in current demand can be {oierated, as a small step change
from steady state conditions tends not to be incendive or to attain incendive
potential.

Of course, as with any passive inductor carnying current, the energy sfored in
the inductor is released if there is a step decrease in current of a break-type fault
following a make-type fault or & load. When the energy is released it generates a
voltage across the inductor, and if the inductor is unprotected this would lead to a
subsequent arc, with a high probability of becoming incendive.

As stated above there are active electronic circuits which emulate inductor
behaviour, without the problems of stored energy usuatly encountered with passive
ferrite inductors. Such circuits could be used instead of inductor B.



voltage reduction. Therefore, Figure 14 shows a very simple reactive

circuit which can be configured to react fast enough to quench an arc

within its non-incendive time zone, taking into account the cable length.

gdfgolation the power supply needs to return to norwc?#g erat}'on
IS
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after the tault is clear, or is clear of any incendive potential. S

achieved with a fault probe circuit. WO 2006/003445
PCT/GB2005/002638 -20- However, it-Will be appreciated that a fault on a
cable may comprise similar characteristics to a load. Generally a cable

comprises,o rallel or s iti ttri i

mormal TR A DRI T, SN SR heL HEER e
PSRRIy O THUR Y RSPl I @R tHeraATsiRthEam R EOW B 6015 8@ it He fault
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be isolated using simple means. A voltage detection 26 is connected to a

eaAtianALdiHeNsS PiREREHOR BRTOERMBLIEINS PR RIEATE stemchaise

RRpedatlINeNA Bisataiesnbrycani@dsam ihaeitenityfdieunaltagepatdbe

NP, llsbelnn 8 ANST AW, fRrexRIRle Io0.olts I dhedaamende point
T

showfT iInFigure 15 1s connected to the power supplf enél shown inFigure

acemddthe control means 21 shown therein isolates the power source 6

such that the voltage drops below 10 volts, then the voltage detection 26

will register that and the control means 25 can i oIat? the load 10. Thus,

not onfy e 1465 S0 UACBRAEEHBAY A7 SErS) iy Rl HaEaCine o
the presetdnisoitvedTior dhaipupErsts of thelsprabawy.as the circuit shown in
Figure 12, except that Figure 14 shows the means by which the circuit reacts to
faults. A voltage detection 23 is arranged across a dynamic current detection circuit
comprising inductor 5 and shunt resisior 7, and a control means 21 controls a series
element 19. If the voltage falls or rises at the detection point 23, in a manner
characteristic of an incendive fault 4r potential or arc formation as described above,
then the series element generates an isolating action to adequately guanch the arc
or to transition the fault 4rto a non—inéendive potential by way of current and/or
voltage reduction.

Therefore, Figure 14 shows a very simple reactive cirouit which ¢an be
configured to react fast enough to quench an arc within its non-incendive time zone,
taking into account the cable length.

Following isolation the power supply needs to return to normai cperation after
the fault is clear, or is clear of any incendive pofential. This is achieved with a fault

probe cirguit.



Figure 16 shows how a circuit comprising the power supply end shown in
Figure 14 and the load end in Figure 15 can be configured to
accommodate practical tolerances. The voltage threshold for the power

su%gly to be isolated 21thr is set below the voltage threshold of the load
YR B UERd 25thr, so there is a cross over margin. Beloh the& FaRER02638

supply threshold 21thr the energy supplied to the cable and to the load is
restricted to non-incendive levels, and@&bove the threshold the energy is
allowed to increase to accommodate the load demand, which will only
occur above the threshold. The zone below the threshold 21thr is

classifiteara¥einé wilbhe BROECBISA EHBCOEIIG SR A0R0NG e S0NHIBR BaE /2
cRdrstastisivgone wheresanrinihe cable dsratidstwedty shesystiom shud in

I ne SaRGAANGRIQRR QAN Pk VRRERYGR GHEIP 681l ve or

WO Wire communication systems, t ere WI be opera_tlonal mterruptlons
abpeieRiit Issitdieralferiresifiive fealt Tharplorkiaidnr Hilrenssipiessthe
1B_Q&raT}h%@%&ﬁ@){r@ﬁb&fﬁlﬂ)i&.temr@ﬁm.mlfn@aw@mamﬁgsd'ﬂ@f@?d@m
signals must not re eate ir er the are prevention m S to fully.or
Gy LORRE e SO DUECh oF (b R E g T g S rdeen
fdetidiparitidd@upiogechaiounatanses 16 wcel!tfeaengbt@ b@ﬁﬂé@iﬁed-
AR, INGRIYYERILS andnormabaneRiing Raise indesRAlRYY of each

incendive interruptions 3c and 30 extend beyond the deadband and will
QFEﬁjer the arc prevention means to fully or partially isolate the power
supply, whereas noise 11 and fieldbus signalling 12 will not. The mean

be fi i Shle. If ityadi
et S ASShoEHEEARIRS ol HEUSHIEE LSRRI BRe A voltoge
detertinmaGiisratineaiey IscoEmitaieaNo P debideisiftsel GreacHrs\ B Ed

dbatihedmisrrumtions ssndich patahtizsiserdve I dalg aefidtrsihevis e the
the deadband tracks a varyéii%g*mean inﬂfhisfcase at the, load tend BB. The
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adaptable way until the voltage V BB changes faster than the tracking can

If the Joad end shown in Figure 15 is connected to the power supply end
shown in Figure 14, and the control means 21 shown therein isolates the power
source 6 such that the voltage drops below 10 volts, then the voltage detection 26
will register that and the control means 25 can isolate the load 10. Thus, not only will
the load 10 be isolated from any potentially incendive fault, but it is also isolated for
the purposes of fault probing.

Figure 16 shows how a circuit comprising the power supply end shown in
Figure 14 and the load end in Figure 15 can be configured to accommodate practical
tolerances. The voltage threshold for the power supply to be isolated 21thr is set
below the voitége threshold of the load 10 be isolated 25thr, so there is a ¢ross over
margin. Below the power supply threshold 21thr the energy supplied to the cabie and
to the load is restricted to non-incendive levels, and above the threshold the energy
is allowed to increase to accommodate the load demand, which will only occur above
the threshold. The zone below the threshold 21thr is classified as the cable probe or



compensate for, for example when an arc forms. The actual voltage
transient 85 breaches the threshold 84 and is therefore detected. This
type of tracking allows slow voltage variation and cable loss to be

W((:)ozm ﬁ)ﬂ?ﬁt‘sed for, and for an arc characteristic to be detected. Other
tec%nlques‘such as high pass window comparator filteringprﬁgﬂfﬁé"ﬁfé‘gﬁm

as alternative to the above. It will be appreciated that, in practice, the
deadband increases the reaction timé&¥f any are prevention means.
Therefore if such a deadband is employed it must be factored into the
whole circuit, and in %articular the length of cable which can be used.
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Sapplypeoickaffanaeleeitral circuit, as described above but in more detail.
In Figure 19 an intrinsically safe clamped voltage source 6 supplies circuit
AA. The voltage clamping can be at the source, or at any point up to the

powerlBupspHieI TR, 388 WA SREVBURIGRITER ARPIBLhaIeavill be
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of the power supply output AA to change. 'A make-type fault will caus
SRl 1 ] AU NS e Sl DG S etcbus
sigusia thesvokageptatésty diedor treatupreyritboindans tedutyroneaiially
GERALING SoBEIYED YRR £RTMRNSSS. inductor 5 and shunt resistor 7, and

the property being monitored is the voltage across the inductor 5, which is
effected by current change. The monitoring means according to the
inventipgutempRsesswindaradompasaiopiyangemet resgpabietof

ecting.bot It ' - i t
S R IR N dh Ot (Relales AP
Bovwipiatidncengiveriatenaipiion J6Rage3r xtraeibaepdihegaadeand and will
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be used instead of comparators.) The reference values are chosento .
W?@%B%%eojri and ﬁefcpbus s?gn ling 1 we:l{ no%. Tﬁe mean may%eﬁxedo or it

may be variable. If it varies the thresholds of the deadband 14 and 15 must track the
threshold. High level spikes with short time duration may aiso be filtered to a degree
if required,' provided that the interruptions are not potentially incendive.

Figure 18 shows how the deadband tracks a varying mean, in this case at the
load end BB. The positive 78 and negative 68 thresholds track the voltage V BB in an
adaptable way until the voltage V BB changes faster than the tracking can
compensate for, for example when an arc forms. The actual voltage transient 85
hreaches the threshold 84 and is therefore detected. This type of tracking allows
slow voltage variation and cable loss to be compensated for, ‘and for an arc
characteristic o be detected. Other techniques such as high pass window
comparator fiitering may be used as aiternative to the above.

it will be appreciated that, in praclice, the deadband increases the reaction
time of any arc prevention means. Therefore if such a deadband is employed it must
be factored into the whole circuit, and in particutar the length of cable which can be

used.



signalling, as described above. The output of the comparators is used to
isolate the output AA at switch 42, thus effectively choking or removing
the power to the output circuit. If the fault were an arc it would be starved

f nd effectively quenched to prevent it becoming incendive.
W%rzg\%gegg‘f%e isolation remains in place the output remain%fﬁﬁ%%’i%ﬁfﬁ/ﬁ%?’s

safe. The cable can now be probed for a fault, as described below. In
addition comparator inhibits 43i are pr&¥ided which override or
complement the safe isolation 42, regardless of comparator input

measu emerE states. The inhibits are shown as fallingto a low state. This

arrangeBRE oW For SRR TIPRILABAOL 8P EISSHER SYSHinRp digscribed
phOVESIBH of isotatietaiotrstigiepldravaiblenACaROSED0BAYR voltage source &
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may also be used for voltage clamping in a similar %’to traditiona
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epesatignglithresholds. The sensing inputs may be further filtered or
conditioned if required, so the detection window span can be decreased.
Once the power supply 6 has been isolated the cable can be probed for
faults, Thederidor tedoad drasdbetio ibel ateehiis desmphiecsabowero Fiamd 20unt

chaws eh,%mmarpmﬂy%?ﬁg%%}sat@%%wgé%%ﬂ e Reor 5,

present invention, in which a non- incendive fault probe circuit'is provided,
BiGIh I SHE e R PUAe B GBPERde 45, output 46 and series resistor 47.

When the power supply 6 is isolated by switch 42, in the same manner as
g‘eAS%:Eﬁ% B B NG S B RS R IB TS 3 s e Quaput at
comparator arrangement, capable of detecting both voltage rises and voltage drops
in order to detect any type of fault. The rise in voltage is detected by a positively
referenced 41 comparator 43a, and the fall in voltage is detected by a negatively
referenced 40 comparator 43b. (Similar linear or non linear systems could be used
instead of comparators.) The reference values are chosen to ignore noise or
signalling, as described above. The output of the comparators is used to isolate the
output AA at switch 42, thus effectively choking or removing the power to the output
circuit. If the fault were an arc it would be starved of energy and effectively quenched
to prevent it becoming incendive. Provided the isolation remains in place the output
remains intrinsically safe. The cable can now be probed for a fauit, as described
below.

In addition comparator inhibits 43i are provided which override or
complement the safe isolation 42, regardiess of comparator input measurement
states. The inhibits are shown as fafling to a fow state. This arrangement aliows for
additional feedback or control regarding the provision of isolation for start-up or cabie



the non-incendive level of current 44. If there is an adequately low
resistive fault remaining on the cable, which is governed by the probe
current 44, the voltage across the Zener diode 45 will fall to a point where

W'B %ggl%]g&gducting, which causes the voltage across the slgéjle;af;%%igy g%ﬁs

47 to fall to a low state, which causes the output 46 to create a low In
signal, which is used to hold the switch 42 open. If the fault clears this
sequence stops and the switch 42 is'@l%‘sed, so the output AA can return
to normal current and/or voltage. However, when the power supply is

6%?%@%@&&9&@%&i5w9%§m&5 be; A& 193, LGN B mping in

because the reconnection of the load might cause a drop in voltage whic

JRTHPEHGE O FRIRRO g PREns and isolation means WO 2006/003445
PCT/GB2005/002638 -24 described above to fully or partially isolate the

er. | in refqre, recovery control means are provided t
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inductor 5 and shunt resistor 7 as the reactor means of the invention, and

"R ES ERIAPAIBR S BRIAG "SRG RO G e JiPABteAts! ahd il not

alffief triguersoonpliiaeshdBis. which monitor the voltage across the
inductor 5, as the monitoring means of the invention. The isolation means

of the invention comprises series element 42, however it can be

controlSSENEIRE KRR R Tisier RRes ARt ongiEanmstibieedirsesate

e veriwheihadawt iggdetacted, is used to trigger a function 48 to
indirectly adjust the output voltage and/or current as required. The circuit

in Figure 21 has a static current limit in the form of a conventional
rectariéfifitivt pemelisupelydohasrisiag isdaied ihscable casiste pRbedder faults,

M%é%g%ﬁﬁwﬂﬁﬁﬁﬁ%ﬂé@ ieh erptiols foveissurlemaoiR Withawer
current reference

supply end of an electrical circuit according to the present invention, in which a non-
incendive fault probe circuit is provided, comprising current 44, Zener diode 45,

output 46 and series resistor 47.

When the ‘power supply 6 is isolated by switch 42, in the same manner as
described above in relation to the circuit shown in Figure 19, the output at AA falls to
the non-incendive level of current 44. If there is an adequately low resistive fault
remaining on the cable, which is governed by the probe current 44, the voltage
across the Zener diode 45 wili fall fo & point where it stops conducting, which causes
the voltage across the series resistor 47 to fall to a low state, which causes the
oufput 46 to create a low inhibit signal, which is used to hold the switch 42 open. If
the fauit clears this sequence stops and the switch 42 is closed, so the output AA can
return to normal current and/or voltage.

However, when the power supply is reconnected to the circuit it cannot be
done in a rectangular fashion, because the reconnection of the load might cause a
drop in voltage which would cause the monitoring means and isolation means



obtained from the function generator 48. Therefore, for DC and slow
progressive current changes, that are not indicative of a potentially
incendive arc, the current characteristics of the power supply are

Wﬂ%gg&g 4(1 and the upper limit of current, along with the cIaCn%Ped vaoltage

: . . P 2005/002638
source b, defines the operational maximum voltage Uo andtu A0

parameters of the circuit. Therefore, the output voltage and/or current can
be indirectly adjusted in use by adjus#fg the current reference. If the
reference falls, then the current limit will also fall. Thus, if the output of the

in amparator arrangement falls or rises in a manner which is
S e e
P0G SAAE PO GBR 0 (60 0RE38 pbawfthencesderandid kacennecting the

pewpiedpIfetRct tis/Hgenanfall.and to ignore parasitic disturbance, then

the arc or similar type fault will be detected, and the function 48 will

trigger a shutdown. (The series element 42 can be replaced with, or be

compléigertéd byowssthentoetersentySnchoaarmnangsoeracomdibedsring
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mendigtihe fsoltibmine aabid thelsusaiptocamiviseissaiabovmant 42,

WM@@%@%M&@&Wiayf\f&gma%%& has a voltage collapsing

function intended to detect a slow drop in voltage during rectangular
current limiting, and to isolate the power supply 6 should the voltage pass

througththeutoltepfsing wineshalompasiow dremgenveitagasnayraat Retected,
ig ?I@é&?&l @iﬁge?%tﬁﬂxw&p& t@ﬁ\éﬂ’l’gg y%&%g%%éagg{p%%%% %Ee and/or current

as reguired.

The circult in Figure 21 has a static current limit in the form of a conventional
rectangular current limiter comprising a current sense resistor Rsense, which feeds
an ampiifier 49, which controls the series element 42 with a currént reference
ohtained from the function generator 48. Therefore, for DC and slow progressive
current changes, that are not indicative of a potentially incendive arg, the current
characteristics of the power supply are understood and the upper iimit of current,
along with the clamped voltage source 6, defines the operational maximum voliage
Uo and current fo parameters of the circuit.

Therefore, the output voltage and/or current can be indirectly adjusted in use
by adjusting the current reference. If the reference falls, then the current limit will
aiso fall.

Thus, if the output of the window comparator arrangement falls or rises in a
manner which is indicative of a make-type arc or a break-type arc, and if the



the inductor 5 will exhibit very low impedance and therefore very small
voltage fluctuations, usually within the normal operating noise or
signalling zone, as described above in relation to Figure 18. Slow

w@ﬁ@@@é A voltage are therefore not detected, or detecta gly;ﬂgos 003638
window comparators The voltage collapsing function is provide ener

diode 45 and resistor 47. If the voltage drops below the inhibit 46, the
function 48 isolates the power supply*5. Therefore, the circuit in Figure 21
has a built in minimum permissible internal resistance that it can have

der full curre hich tes [ |
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WA BHEIRE T QRMSoWHO 2006/003445 PCT/GB2005/002638 -26 Figure 22
shows the voltage current relationship in the circuit shown in Figure 21. In
Figure 22 the normal output voltage is at 56, and the slow changing
currentrne deneslisemeand@ canmbatrepiaded discofbarcestelaganiedimarphunt
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mdrcae ato6 drops to the inhibit level 46inhibit. It will continue to
Véﬁbﬁftéf‘ﬁﬂdw&#!ﬁﬁﬁm%éﬁaﬂhévwa@o current, level 62. The voltage at
that current is dictated by the output load characteristic. The current only
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current is supplied to the load before, or at the moment when
the load is re-attached. Transition between the

The circuit in Figure 21 aiso has a voltage collapsing function intended to
detect a stow drop in voltage during rectangular current limiting, and to isolate the
power supply 6 should the voltage pass through the collapsing threshold. A slow drop
in voitage may not be detected and acted upon by the window comparator because
the indugctor 5 will exhibit very low impedance and therefore very small voltage
fluctuations, usually within the normal operating noise or signalling zone, as
described above in relation to Figure 18. Slow changes in voltage are therefore not
detected, or detectable bsr the window comparators.

The voltage collapsing function is provided by Zener diode 45 and resistor 47,
If the voitage drops below the inhibit 46, the function 48 isolates the power supply 8.
Therefore, the circuit in Figure 21 has a built in minimum permissibte internal
resistance that it can have under full current, which creates a minimum internal
resistance Ri. For example, if the inhibit 46 triggers shutdown at eight volts, and the
current limit is set to five hundred milliamps, then the minimum internal resistance is
sixteen ohms.



zones is controlled in order to assist potential are quenching, and the
dotted transition lines form part of the quench action. Figure 23 illustrates
how the function 48 described above re-connects the power supply in a

stewed manner in order to prevent the circuit inadvertently isolatin@ the

“’802\,%6#033%&3/ during recovery. Figure 23 shows the current ff T2 g05/002638

reaction to an event 51 which could be any fault in the circuit detected by
the window comparator arrangement ététhe voltage collapsing function.

From a normal current level 50, an event 51 triggers the output to fall to a
current level %ﬁich i$ non-incendive, The fault probe function operates

at this fevel® & ia' e IRl FRGE CHF S D PAFHANT NPt e wirHik shplw i figure
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stewed recovery 52 also restricts any energy flowing to an-arc attempting

to form, although if any fault occurs during recovery, or during the critical
parts of ecioteryption hetillhdudie stecthhask hpreptiatakictied takent Zhe/or
HRNEL ASROVRIYICBR A EO MIDBDSaELIAS afﬁy&%iewﬁﬂfg{?aﬁda; w 400w
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allow for a more

Figure 22 assumes that the load Is disconnected from the power supply when
It drops below the inhibit voltage 46inhibit, and that full current is supplied to the
load before, or at the moment when the load is re-attached. Transition between the
zones is controlled in order to assist potentfal arc quenching, and the dotted

transition lines form part of the quench action.

Figure 23 illustrates how the function 48 described above re-connects the
power supply in a slewed manner in order to prevent the circuit inadvertently
isolating the power supply during recovery.

Figure 23 shows the current// time t reaction to an event 51 which could be
any fault in the circuit detected by the window comparator arrangement or the
voltage coitapsing function. From a normal current level 50, an event 51 triggers the
output to fall to a current level 54 which is non-incendive. The fault probe function
operates at this level, and the current fevel 54 will remain at this level until the fault
clears. When the fault is cleared the power supply is re-connected at point BB, and it
returns in a slewed manner 52 to the normal current level 53.



complete energy discharge from the system, and for a settling time for the
system, following an interruption and before full power is returned. This
may decrease, to a point, the probability of an incendive occurrence.
AI n the stewed recovery can be integral with the fauI robin
cgt%\é%%3 %%én a fault is present the stewed recovery can be co§ %Or%m%%m
and the power can increase to a non-incendive fault probe level. The
power must not rise above such a le®{-and can either hold steady or
drop and rise again such that a saw-toothed fault probing voltage and/or
curren 1 f cou ¢.mo itoring, means and.isolating means
of the klfiee%\tgig%r%%ﬁg?vﬁg (%To%ra iGRAL {?nﬁag%e&‘ deWed ?8%6\% %’ﬁ%\esg u(tjf.n
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m épower supply recovery described above is governed by a constant
CUTREATCRET s element, but the reaction is not strictly an ideal constant
current model. If a break-type are forms during the constant current

stewed, LeRQuRRLH JBbL R Aatacied Ang:thi %ﬁ@&&ﬁeﬁ‘?%b%\’z%&t' dzusg%ﬁs%';s

ways. An ideal constant current operation for the series eleme
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wihune nsgderiioy dhe aokdladg krgistance created by the arc, and as such the
monitoring means will not detect the fault. This is unless the voltage

across the series element is also utilised for are detection. However, if the
series Mamast ihaedi sy el rposesi b8 alsad cstidet saavyy sty gy tlamiye Whichas
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and will be detected. Of course, on detection of a propagating arc
ot e

element slew override. Alternatively, the series element can be adapted to

slew 13h8 180ed YEcMAToR B BOIFRERBIPRBHRE BRYAeq, s

adequately fast positive’ going resistance
described above, or it can be commenced after a pre-determined duration. For

example, the function generator 48 ¢an be adapted to hold the power supply at the
safe level 54 for one millisecond. Such a holding period may aliow for a more
complete energy discharge from the system, and for a settiing time for the system,
following an interruption and before full power is returned. This may decrease, to a
point, the probability of an incendive occurrence.

Alternatively, the slewed recovery can be integral with the fault probing action.
When a fault is present the slewed recovery can be commenced and the power can
increase to a non-incendive fault probe level. The power must not rise above such a
level, and can either hold steady or drop and rise again such that a saw-tocthed fault
probing voitage and/or current is created.

Of course, the monitoring means and isolating means of the invention must
be operational during the stewed recovery phase, or any part of it which is in the
potentially incendive region, in order to detect potentially incendive faults.



change. This would be simple to implement by those skilled in the art. This
technique is conditioned by the inductance of the circuit, because an
attempt at a make-type are will be met by the circuit reactance. The
Wz)eﬂ}%ﬁm%geg}ent may also be shunted by a capacitor or similar to allow a
ynamic bypass of the series element. However, the capagl(fivé;%??é%ms
would have to be controlled, because it will bypass the shutdown ability of
the series element. Lastly, the control-Rffiction 48 itself may be utilised to
provide the series element directional infinite impedance slewing as
describﬁqg%%\%r'gq%pqirgetgé s@owgsicr}. igure 21 can be altered in various
ways, for example the’ window Contpar HEP VPR SRNER R PGS ARRCurrent
REEIGH GIRIRPLINGT e e asticatie cobb it sen sl el eomestd mhumimg th evsten etk

eeavapeaitd RhARGRSTRY 8ahAahERPHIRI AR overy it must be

PC{&/}? 200?/‘&02638 -29 characteristic of a propagating are, but can still
SRR Bty Reghe BroAg R Ge4FEAIMBYRe 24 shows the load end of

another electrical circuit according to the invention. In Figure 24 the toad
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arrangement in which the load 10 is forced to a minimum  resistance by
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I -th is.isolated by means of switch 69 tq a high impedance.
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fetRdioindred milliamps, then the minimum resistance which the load 10

can attain is twenty ohms. Although the minimum resistance is a useful
attribulﬁ for intrinsically safe current limiting during are formation, as it
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n cations.where the. minimum
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ﬁﬁarwent 15 shut down in a timely manner, suggesting a series element slew overtide.

Alternatively, the series element can be adapted to slew for a negative going
resistance change, but be allowed an adequately fast positive going resistance
change. This would be simple to implement by those skilled in the art. This technique
is conditioned by the inductance of the circuit, because an attempt at a make-type
arc will be met by the circuit reactance. The series element may also be shunted by a
capacitor or similar to allow a dynamic bypass of the series element. However, the
capacitive value would have to be controlled, because it wilt bypass the shutdown
ability of the series element.

Lastly, the control function 48 itself may be utilised 10 provide the series
element directional infinite impedance slewing as describe above.

The circuit shown in Figure 21 can be altered in various ways, for example the
window comparator arrangement may comprise filtering which filters out the effect of
the series element during the slewed recovery, and at any other event not



enough, and the reaction time and cable propagation times are low
enough.) However, any arc formation has a voltage which is the difference
between the power supply voltage and the load side collapsing voltage.

0, e, if the power supply output is twenty volts, and the load
“@o{ﬂa@@r%%oltage is ten volts, then the arc cannot attain apggifgrﬁ%g?s&ozoss

more than ten volts, which, at approximately three amps or so, remains
non-incendive. However, in practice wB&n an inductive interface, for
example a cable, is used in the circuit the voltage across the arc can

%\%MQI%] i hich, could.beco incendive. Therefore, it
would only eb%%iésrﬁj%%%gﬁ f%h%mn%aﬁﬁ'- Slﬁ'(!ljﬁg \Vr‘le]t%% RELSHON BERRLERAgRLing
gB%ver supply and the load if they were very close to one another.
Nevertheless, the power supply itself is intrinsically safe and therefore,

this arrgnagn&gnt deviates from the Prior art because the connection WO
2006/00 3445 PCTRYB IS0BRIOYALE" 286 BELRESH IR Pt Aeepipigetadhe
tiegatienhasFigire §ditbmisatifenané thanleelrigabberctinm Somsshplt e
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transitional start up reaches its transition point, which in this case is
dictated by the load side collapsing circuit set at ten volts. Atthat transition
point, tE el dermainioune ésibance it aarsafoigiteto oty FeniiABItARY safe

BOWET: SHRRNS B ARIE 4R 3 LAngLtherefare the bower, supply. voltage
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opease. (thisay be adequate in some voitage and current applications where the
minimum load resistance and the power supply minimum internal resistance are high

enough, and the reaction time and cable propagation times are fow enough.)

However, any arc formation has a voltage which is the difference between the
power supply voltage and the load side collapsing voitage. For example, if the power
supply output is twenty volts, and the load coliapsing voltage is ten volts, then the arc
cannot attain a potential of more than ten volts, which, at approximately three amps
or $0, remafns nan-incendive.

However, in practice when an inductive interface, for example a cable, is used
in the circuit the voltage across the arc can attain much higher potentials which
could become Incendive. Therefore, it would only be possible to rely on a non-
inductive connection between the power supply and the toad if they were very close
to one another. Nevertheless, the power supply itself is intrinsically safe and
therefore, this arrangement deviates from the prior art because the connection



cycle continues until the load is fully charged. This cycle comprises a flat
plateaux, or a gradual rise, which is not typical of a potentially incendive
are. Therefore, it will not cause the monitoring means of the invention to
Wi ol%%em;[)g%?ower supply. However, any disturbance upstream of the load
cofﬁapsmg circuit will still cause the monitoring means to reBEE{iTRRYS/002638
normal way, and this is the case throughout the load recovery phase.
Figure 25 shows the load current tran8féion during the stewed power
supply recovery described above. The current from the power supply on
ecovery. ramps up 71 propgrtional to the capacitance seen on the power
B PP P o Rarad S Rs L et
eoMapiimgeoabert Bkt shist siateds the current flow holds for a time
proportional to any inductance which requires charging at the point of
load connection. Once initially charged, the current then increases, as
indicatEcPBY $%21b H0ft BIRERIMERRICALLE SRHB RAYBRRIME FIS RSN
ifighretaAde thatlifogities thadhbedari ane QRO RE3dthistic, so automatic
E’o%é%t%%qg%%%gﬁﬁgﬁérﬁgBB%%EEBW%%%?@@%SF?-étap %"zrﬁl% isolating

electrical circuit according tothe presentiinventio oa
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current limiter is included there. The load end shown in Figure 26 has a
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ly inhihj scribed earlier. The load end
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current demand again to the point where the power supply voltage can increase. This

cycle continues until the load is fully charged.

This cycle comprises a flat plateaux, or a gradual rise, which is not typical of a
potentially incendive arc. Therefore, it will not cause the monitoring means of the
invention to isolate the power supply. However, any disturbance upstream of the load
collapsing circuit will stilf cause the monitoring means to react in the normal way, and
this is the case throughout the ioad recovery phase.

Figure 25 shows the load current transition during the slewed power supply
recovery described above. The current from the power supply on recovery ramps up
71 proportional to the capacitance seen on the power supply output, until it reaches
the load side static collapsing circuit coflapsing voltage 73. At this plateau the current
flow holds for a time proportional to any inductance which requires charging at the
point of load connection. Once initially charged, the current then increases, as
indicated at 72, to full current demand at a rate proportional to the supply
inductance and/or the load capacitance.



arrangement provided by positive and negative reference 70b, 70a, which
are adequately sized to perform the functions described earlier, a window
comparator 68, 78 measuring voltage across inductor 5, and a rail voltage

ol r comprising a diode 77 and a decaying sample and hold RC_
\{%&X}éﬁy&%ol The rail voltage follower tracks the rail voltad)g BEBiyo0zess

provides a threshold above and below it, so any slow deviation can be
tracked and ignored, thus maintaining8e position of the tracking
thresholds about the rail voltage. (This is done with the caveat that an

interruption at, Jeast characteristic of a propagating arc is not tracked by

the traé:%k%%etf%réeséﬁ%‘;lv gﬁleg] Oﬁ{lgi%%ﬂ{t@ép%gécggﬁﬁﬁ@' feylhResarise kafhe
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Hﬁﬁ?&%@t%%i” lower current situations the monitoring means may not be
required, provided the static limitations are adequately adjusted and the
arc is restricted in voltage potential and/or current so it is has no chance,
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rlj_y,ami follower detection could also be u at the™ power supply en
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and load end arrangements must be able to react to a fault fast enough to

guench a non-
The load end shown in Figure 26 aiso has a dynamic follower detection

arrangement provided by positive and negative reference 70b, 70a, which are
adequately sized to perform the functions described earlier, a window comparator
68, 78 measuring voltage across inductor 5, énd a rail voltage follower comprising a
diode 77 and a decaying sample and hold RC circuit 79, 80. The rail voltage follower
tracks the rail voltage BB and provides a threshold above and bélow it, so any siow
deviation can be tracked and ignored, thus maintaining the position of the tracking
thresholds about the rail voitage. (This is done with the caveat that an interruption at
least characteristic of a propagating arc is not tracked by the tracking threshold and
thus can be detected and the function 83 can isolate the load or to apply an
apparent minimum load impedance such as to quench any propagating arc.)

The static collapsing voltage provides a minimum voltage level, and therefore
a minimum loop resistance. If the effect of an arc under low current flow is not
detected, the low current of the loop (which includes any power supply minimum
resistance and any load series resistancs), restricts the power to the arc, and
sustains it at a reduced voltage. For example, if an arc has a potential of eight volis,



incendive are before it can become incendive, as this is an essential
feature of the invention. As shown in Figure 4, and as described above, a
propagating arc will remain non-incendive for about 10 microseconds,
and any circuit according to the invention must be able to quench an are
WB@P&PéO%ﬁécomes incendive. In order to achieve this varidts"f&&S/MesE
be considered. The key consideration is the length of the cable between
the power source and the load. The ®&ble must be short enough such
that any fault can be detected and appropriately dealt with by either the

manitoring and isplation means at ower supply end, orthe
R e MR bR LR R B At i
alewpated.circuit according to the invention, in which the cable is of such a
length that a fault event at its centre can be detected and dealt with by
monitorinfggand isolation means at a power supply end and a load end.
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similar if the fault is at the centre o le, but obviously the times are
BrtrarebR b e fRAC KRN ANEpOint. If the fault is nearer to the power
supply 6, then the power supply end monitoring means will detect the

fault interryption before the load monitoring means, and therefore it
il et CLTAG FTt Qe RarSTHe RATSE T LA AR RGeS
RAvasSbRnhendis@chrurideriany tevislion ihottelgtiondfansratisithoetit
r@&&bgg;@r%g‘are at their maximum, so the fault will have the greatest
incendive potential possible. Of course, the power supply end monitoring
and isolating means, and the load end monitoring and isolating means

can bét aly/ef ahpseiatearyenatte dbovdrdcabay pover Shppin énd-igidrRad
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incendive arc before it can become incendive, as this is an essential feature of the

invention.

As shown in Figure 4, and as described above, a prapagating arc will remain
non-incendive for about 10 microseconds, and any circuit according te the invention
must be able to quench an arc before it becomes incendive. In order to achieve this
various factors must be considered.

The key consideration is the length of the cable between the power source
and the load. The cable must be short enough such that any fault can be detected
and appropriately dealt with by either the monitoring and isolation means at the
power supply end, or the monitoring and isolation means at the load end.

Figures 27 shows a basic electrical circuit according to the invention, in which
the cable is of such a length that a fault event at its centre can be detected and dealt
with by monitoring and isolation means at a power supply end and a load end.



from the event to detection, and the period from the isolation event to
quench. In Figure 28 the time between each event is equal, however in
practice this may not be the case because the incendive arc energy may
be limited to the voltage across it and the supply voltage and current,
which during the quenching phase, may fall in a linear or an exponential
way. It is known that at approximately ten to twelve volts an arc has at
least half the incendive potential it hast twenty or twenty four volts
respectively. WO 2006/003445 PCT/G8200.5/002638 -34 It will be
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considered, but all its physital characteristics, and in
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according to the invention to ensure it will function, but computerised
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accepiable tests to provide accepted empirical data. Once the length, or
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fehétrwiiehest thehgreittmst moshbive esipneditpdedibethe remaining
parameters, in particular the circuit reaction time and all the set point
values. Of course, the model can begin with cable length, and the rest of
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As shown in Figure 28, the cable propagation fime must include the period
from the event to detection, and the period from the isolation event to quench. in
Figure 28 the time between each event is equal, however in practice this may not be
the case because the incendive arc energy may be limited to the voltage across it
and the supply voltage and current, which during the quenching phase, may fall in a
linear or an exponential way. I is known that at approximately ten to twelve volts an
arc has at least half the incendive potential it has at twenty or twenty four volis
respectively.



concerning spark test apparatus and/or oscillograph data, should be
adequate. There are further fault scenarios which are not discussed
above, but which are possible with the circuits of the invention. However

wihelikglitiged of an occurrence of these types of fault is sopleW IBsHSaR3qss
safely be discounted, or the circuits will inherently be able to deal with

them. One fault scenario would compr's4e an are resistance which exactly

matches the load resistance at a giveh time, and would require the static
collapsing voltage to be just above the collapsing voltage, so the current
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attached across the Cable, is diverted wholly into the arc without
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sing circyit lift off voltage of ten or twelve volts. At ten to
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sesbigtion. On are development, the voltage across it will try to increase,
but when the collapsing circuit lift off voltage is reached the current will be

shunted into the load and/or the load capacitance or reservoir
capacitdneosibtiesrniati:eatieslh nivealemdketond ceonnectianipties the
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resistance oxide layer formed

Once the length, or size, of a cable and the voltage and current it carries have
been defined, then the rest of the circuit must be designed to define the remaining
parameters, in particular the circuit reaction time and all the set point values. Of
course, the model can begin with cable length, and the rest of the calculations can
be applied accordingly. if the outcome of tests can be made repeatable, then
empirical data can be provided, however initial testing to well known standards
concerning spark test apparatus and/or oscillograph data, should be adequate,

There are further fault scenarios which are not discussed above, but which
are possible with the circuits of the invention. However the likelihood of an
occurrence of these fypes of fault is so low they can safely be discounted, or the
circuits will inherently be able to deal with them.

One fault scenario would comprise an arc resistance which exactly matches
the load resistance at a given time, and would require the static collapsing voltage to
be just above the collapsing voltage, so the current through the arc, when it is



across the power rails without detection, at for example one million ohms.
This could then fall slowly overtime, without detection, to a precise
incendive resistance of between forty-eight ohms, the point at which a

W %Q%-Jg)ﬁgvolt, five-hundred milliamp power supply Woulgg%&?%aoﬁ%: 38
an he oxXide

one hundred and thirty-eight ohms, where the resistance o
layer would form a linear current limited non-incendive circuit. This circuit
could be incendive but there would né&d to be a lower oxide resistance
limit of approximately one hundred ohms, and the only incendive

occurrence coyld be a first and only break that has tq he |
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dotispsirghvebingeoviaiar fian datbrepshesides inpotaginaloagribs perynust be
JORroRRblerandig.at least as unlikely as one thousand to one WO
2006/003445 PCT/GB2005/002638 -36- according to arc formation
statistics. Of course, further low impedance resistance probing may be
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Figure 29 shows the load end of another electrical circuit according to the
present invention, in which two or more lo 10a to 10n ar, e .
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and two amps, whereas the load, in accordance with IEC61158-2, may
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connection after the arc has formed could occur but this would be a very improbable
double fault, and the arc striking as a shunt and maintaining a perfectly matched
resistance on, and from, its first strike, is also a very low probability, and as such can

be discounted,.

Another fauit scenario could occeur if a high resistance oxide layer formed
across the power rails without detection, at for example one million ohms. This could
then fall slowly over time, without detection, to a precise incendive resistance of
between forty-eight ohms, the point at which a twenty-four volt, five-hundred milliamp
power supply woutd be isolated, and one hundred and thirty-eight ohms, where the
resistance of the oxide layer would form a linear current limited non-ingendive circuit.
This ¢ircuit could be incendive but there would need to be a lower oxide resistance
limit of approximately one hundred ohms, and the only incendive occurrence could
be a first and only break that hasto be a sustainable incendive arc strike, and which
has 1o be in an incendive atmosphere, based on zone one arguments. Therefore, this
fault scenario is very improbable, and is at least as unlikely as one thousand to cne



However, with this arrangement the series elements 28a to 28n can be
used collectively to fully or partially isolate the loads 10a to 10n as
described above in relation to series element 28 shown in Figure 15. (The

8ads 10a to 10n, or any other loads, could be restricted in an
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0 meet any known requirements for intrinsically safe sys ems, a

dlstlnct from the rest of the system. For example, at twenty-four volts
empirical testing may demonstrate tB&t for a gas group 1IC environment,
the current should be restricted, in a rectangular way, to fifty milliamps,
whereas for linear current restrlct on the shor d& circuit curr (r)gal,g §§aql
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ioffitgteinti#osimilar way that the power supply may react, thus

Therefore, the loads 10a to 10n are intrinsically safe in a conventional
manner, autonomous of the rest of the system.

However, with this arrangement the series elements 28a to 28n ¢an be used
collectively to fully or partially isolate the loads 10a to 10n as described above in
relation 1o series element 28 shown in Figure 15.

{The loads 10a to 10n, or any other loads, could be restricted in any known
way to meet any known requirements for intrinsically safe systems, ait distinct from
the rest of the system. For example, at twenty-four volts empirical testing may
demonstrate that for a gas group 1IC environment, the current should be restricted, in
a rectangular way, to fifty milliamps, whereas for finear current restriction the short
circuit current may safely be restricted to one hundred and seventy four milliamps.
The rectangular current limit elements 28a to 28n may also be substituted by linear
elements, for example infallible resistors, or they may comprise other non-linear



increasing the output capacity if required. Finally, the current control to a
device may include infallible resistance, which will restrict the energy still
further and may assist the performance of the rectangular current limit by
of reducing the source voltage and/or power proportional to the
#g?éor?éé #3nd the current.) The invention can be used in Pra&tiEB00f§3638
Fleldbus system, for example a two or four wire IEC61158-2 application
or similar, or with a two or four wire Ef&rnet or Power Over Ethernet
application or similar. In such arrangements various factors must be
onS|der @I for exam le an IEC61158-2 Fieldbus application for an
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passive power conditioner comprising an in uctor WO an
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gasgoumgoneanrs 5 and 7. (it could also be upstream of the WO
2006/003445 PCT/GB2005/002638 -38 monitoring means 5 and 7.) The
monitoring and isolating of the power supply is sufficiently unaffected by
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also include a forced off state in a similar way that the power supply may react, thus
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increasing the output capacity if required. Finally, the current conirol to a device may
include infatlible resistance, which will restrict the energy still further and' may assist
the performance of the rectangular current limit by way of reducing the source
voltage and/or power proportionaf to the resistance and the current.)

The invention can be used in practice with a Fieldbus system, for example a
two or four wire IEC61158-2 application or similar, or with a two or four wire Ethernet
or Power Over Ethernet application or similar. in such arrangements various factors
must be considered, for example an IEC61158-2 Fieldbus application for an
electrical circuit according to the invention requires a power conditioner that may be
active or passive. Figure 30 shows the power supply end of another electrical circuit
according to the present invention in which a passive power conditioner comprising
an indugctor 65 of between two and six milliHenries is added to the power supply,
downstream of the monitoting means 5 and 7. (i could also be upstream of the



must pass through the terminator 66, 67 and therefore it must be
measurable by any static current detection or dynamic detection circuit,
and because the capacitor 67 has a very low energy stored in it. Of

weourse, ?Iascmg the terminator in front of the static and/or d Il)/namlc current
Cohtr8M A  the same effect, but this then places the powef ESIRIAYRANHHS
front of the terminator, which may create measurement difficulties. In

Ethernet applications, any Ethernet dé¥ices connected to the circuit must
not interfere with the detection methods. Further in such applications it

may only be ne ess useavolta ement .
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power supply in the event of any fault without the need for_the same to be
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er ad atures or elements to those described above
deRicipeHdycaEEtthe operational requirements described above.
Obviously the mandatory requirements for any circuits which contain
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Figure 31, which shows the load end of another electrical gircuit
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prevented here by providing a s ies WhIC |ased
meoﬁog@nmr@gﬁmﬁ;f@h terminator because the current Ieadlng mto a fault

must pass through the terminator 66, 67 and therefore it must be measurable by any
static current detection or dynamic detection circuit, and because the capacitor 67
has a very low energy stored in it. Of course, placing the terminator in front of the
static and/or dynamic current controt has the same effect, but this then places the
power conditioner in front of the terminator, which may create measurement
difficulties.

in Ethernet applications, any Ethernet devices connected to the circuit must
not interfere with the detection methods. Further, in such applications it may only be
necessary to use a voltage collapsing arrangement, as shown in Figure 15, at the
ioad end because the cable lengths for Ethernet are short enough, in terms of
propagation time, for a power supply end monitoring and isolation means to fully or
partially isolate the power supply in the event of any fault without the need for the
same 1o be done dynamically at the load end. Of course, the full monitoring and
isolating means as shown in Figures 19 or 26 could be utilised if desired.



Clearly, any additional features also must not impede the adequate
detection of any faults, in that they must not prevent the monitoring
means at the power supply end or the load end from adequately

g’rﬁaétbr‘}&m the manner described above. For example, an event pulse

WORIARH the cable must not be damped to a degree wher8CH GBIz
detected, or is adversely delayed. Figure 31 also shows a capacitive
reservoir element 29 which is used fot%oad brown out protection during
power supply or load protection reaction events to a fault or a similar
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requirement in use to disconnect the load, as shown 3, leavin é&bf
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sidfestcanydesdhcharacteristic traversing along the cable. Testing has
demonstrated that, for gas group IIC, the effective clamping resistance or
impedance may be as low as thirty-five ohms and therefore a one
hundr@&@m%aﬁﬁﬁmimw%ﬁ@é@pt@ust not impede the adequate detection

of any faults, in that they must not prevent the monitoring means at the power supply
end or the ioad end from adequately operating in the manner described above. For
example, an event pulse traversing the cable must not be damped to a degree where
it cannot be detected, or is adversely delayed.

Figure 31 also shows a capacitive reservoir element 29 which is used for load
brown out protection during power supply or load protection reaction events 10 a fault
or a similar momentary l0ss. Again, the cirguit is protected from the capacitance by
blocking diode 31, and the damping effect of the capacitor 29 is isolated 29i from
the rest of the circuit.

Therefore any interruption characteristics traversing along the cable caused
by any fault remains adequately detectable, because the capacitor 29 is prevented
from dampening a positive going pulse caused by a downstream faulton a cable
supplying another load. The isolation 29i could comprise an inductance which is



adverse damping. Of course, if there are a number of loads connected to
the circuit with the arrangement shown in Figure 31, the number will be
restricted by the total damping influence of all the protection systems. The

Wtotal dam igg influence must not prevent any fault being detected. Any
SRR e uit according to the invention will have to meettthEGB2005/i02638

requirements of the appropriate standards, which may stipulate that
redundancy systems are included, oftfhat some components must be
infallible, which is to say that they will only fail safely or that they can only
be stressed at two thirds of their rating@in a fault %oRditiog. {AII ﬂet rat
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faults or component parts must be made redundant where required. The
component orientation, and position or relationship with other components
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£oth.phy iﬁ%‘¥e<mgés%&a'yaae@mmmﬁmgw%&enaag@asmuy

account. Further, some passive circuits described above may be
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adverse damping.

Of course, if there are a number of ioads connected to the circuit with the
arrangement shown in Figure 31, the number will be restricted by the total damping
influence of all the protection systems. The total damping influence must not prevent
any fault being detected.

Any practical citcuit according 1o the invention will have 10 meet the
requirements of the appropriate standards, which may stipulate that redundancy
systems are included, or that some components must be infallible, which is to say
that they will only fail safely or that they can only be stressed at two thirds of their
rating in a fault condition.

Al the examples described ahove are simple systems intended to
demonstrate the invention, however to qualify as an intrinsically safe system
countable faults or component parts must be made redundant where required. The
component orientation, and position or relationship with other components may be



The prime reference documents for intrinsically safe systems are the
European intrinsically safe standard or equivalent EN50020, the PTB
Report. W53 and the physical layer Fieldbus standard IEC61158-2.
F on continuous interruption, CIS, can be obtained from the
Wﬁ)%é]{@?%%-mchnishe Bundesanstalt. It will also be appr]é%%f;égcfl{Pwsé?02638
any of the above described features can be replaced with equivlalent
alternatives. In addition to the alterngtives already mentioned above,
there are known alternatives to the comparators which can be used with
the invention. In addition, the functi ~funeti N
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Circuit-eteeBiREASWRY SRRl RRarbedaseviaaenstioniciihraianeior
means is detected by the monitorin m?ans,%r]%d ihe isogﬂtion means fully
R HRE Pl

rBPBSRIM FEHYSEIURUESEL Y TR HOIRES AP IRTLIAP AN KeRHARa Y

at an
riyslecelivecansptiaremyconeut deteetith asel deactitto i dheyoray mingsmeshed.

1 Ig([g};{%% MAEARR @ B AITRGRE AL HIARRYRY sSHPRIENT afde.aiariHeah
Entrinsiéai!y safe standard or equivalent EN50020, the PTB Report W53 and the
physical layer Fieldbus standard IEC61158-2. Further data on continuous

interruption, CIS, can be obtained from the Physikalisch-Technishe Bundesanstalt.

It wifl also be appreciated that any of the above described features can be replaced
with equivialent alternatives. In addition to the alternatives already mentioned above,
there are known alternatives to the comparators which can be used with the
invention. In addition, the functions of the "function generators” described above may
he diépersed among other features of the circuits. For example, stewing may be
attained by the use of a resistor, or a high resistance feeding the gate of a high input
capacitance MOSFET isolating series element.



and in which the incendive arc prevention means further comprises a load

end monitoring means and a load end isolation means. 2. An electrical

circuit as claimed in Claim 1 in which the load end isolation means fully or

partially isolates the load from the electrical circuit if the voltage drops

below a pre-determined threshold. 3. A¥electrical circuit as claimed in

Claim 1 or 2 in which if an event with a current and/or voltage pattern

which is characteristic of a propagating non-incendive arc occurs in the

dBitical circuit between the power supply and the load, the load end

monitoring means detects it and the load end isolation means fully or
1partia(lé% i?olat‘es the load from said event. -43- 4. An electrical circuit as
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load are inl(g{%c%h%artiallg isolated in use, the non-incendive fault grobe
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remove the full or partjal.isolati f the power supply when resistance in ,
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in w%l?c said monitoring means and said isclation means are disposed at the power

supply end of the electrical circuit,
and in which the incendive arc prevention means further comprises a load

end monitoring means and a load end isolation means.

2. An electricat circuit as claimed in Claim 1. in which the load end isolation
means fully or partially isolates the load from the electrical circuit if the voltage drops

below a pre-determined threshoid.

3. An electrical circuit as claimed in Claim 1 or 2 in which if an event with a
current and/or voltage pattern which is characteristic of a propagating non-incendive
arc occurs in the electrical circuit between the power supply and the toad, the iocad
end monitoring means detects it and the load end isolation means fuily or partially

jsolates the ioad from said event.



non-incendive level, and in which the non-incendive fault probe circuit is
powered by said partially isolated power supply. 7. An electrical circuit as
claimed in any of the Claims 3 to 6 in which the electrical circuit is
provided with recovery control means, in which after a fault has ended the
recovery control means energizes the‘é@ttrical circuit gradually over a
time period sufficient to prevent the power supply end monitoring means
and/or the load end monitoring means interpreting the energising of the
“electritRILRCIEACHR B GERIFARIT S iEUraHE wﬁmm%%‘ffémmm@mé’s

pebaReVigte aba-prenreddingingrsncendive A et 1GrBREIRSEEBbIy and the

circuit as claimed in Claim 7 in which the recovery control means
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e TGN LS A R R b S SRR tne

etween ?hem. n electrical ¢ircuit
pisteviiishttheapewen supphienarmonsormgmedtisacshisoladialy mmeahsge pattern

the | itarj and isolation means are spaced apart
R ehaRaRnNe s 9 Bdomiate AL RO AIANTHE elis HEREeeanAta
candioitvelkaye pattepty emiclsdtstharactenstio!bfiaciptepayatioger supply, and in

- i rti isolate th wer supply or th
A 08 M IO 0B DR Y o
difcxadiecardieanideiiedhaheuslpowieaberplyit between their location and

a mid point between their locations.

6. An electrical circuit as claimed in Ciaim 4 in which if a short circuit with the
potential to cause an incendive arc, or an event with a current and/or voltage pattern
which is characteristic of a propagating non-incendive arc occurs in the electrical
circuit, the power supply end isolation means partially isolates the power supply to a
non-incendive level, and in which the non-incendive fault probe circuit is powered by

said partially isolated power supply.

7. An electrical circuit as claimed in any of the Claims 3 10 6 in which the
electrical circuit is provided with recovery control means, in which after a fauit has
ended the recovery control means energizes the electrical circuit gradually over a
time period sufficient 1o prevent the power supply end monitoring means and/or the
load end monitoring means interpreting the energising of the electrical circuit as an
event with a current and/or voltage pattern which is characteristic of a propagating

non-incendive arc.



11. An electrical circuit as claimed in any of the previous Claims in which
the power supply end monitoring means and isolation means does not
fully or partially isolate the power supply from the electrical circuit when
noise or signalling is detected within a deadband about a mean current or
voltage level. 12. An electrical circuit ad#laimed in any of Claims 3 to 11
in which the load end monitoring means and isolation means does not
fully or partially isolate the load from the electrical circuit when noise or
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in which the reactor means is an active electronic gyrator adapted to

ValRER R RGBT BRhAVIBEP OIS RHRMC trical circuit as claimed in any of

Claims 1 to 12 in which the reactor means is a resistor, and reaction of

the resistor to a %hort circuit which,is detected by the monitoring means is
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inductor, and reaction of the inductor to a short circuit which is detected
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resistor.is  connected . across the inductor. 17. An electrical circuit as
AR B G I G S LB s M RBNRL ARGy sueh that
améaresiaind isolationaniEans oy isesdiposiivelyaedére ace daocdorpasatony

AR AL A ReaauE S RLEGRd gomparator means, in which the

output of the positively referenced comparator means and/or the
negatively referenced comparator means is used to fully or partially
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shegitived nefdteriogdnssmnp arktcsaadi o etk ardandihic i adec b sithvélgring
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detect an event with a current ang/or voltage pattern which is characteristic of a
propagating non-incendive arc and fully or partially isolate the power supply or the -
load such that an incendive arc cannot form, in less time than an incendive arc can
form in the electrical circuit between their location and a mid point between their

locations.

11.  An electrical circuit as claimed in any of the previcus Claims in which the
power supply end monitoring means and isolation means does not fully or partially
isolate the power supply from the electricai circuit when noise or signalling is

detected within a deadband about a mean current or voltage level,

12.  An electrical circuit as claimed in any of Claims 3 to 11 in which the icad end
monitoring means and isolation means does not fully or partially isolate the load from
the electrical circuit when noise or signalling is detected within a deadband about a

mean current or voltage level.



referenced to the source voltage. 19. An electrical circuit as claimed in
Claim 2 in which the load end monitoring means and isolation means
comprises a voltage collapsing arrangement comprising a comparator
referenced to a reference voltage, in which the output of the comparator

is used to fully or partially isolate the lo&&from the electrical circuit. -46-
20. An electrical circuit as claimed in any of Claims 3 to 17 in which the
load end monitoring means monitors the electrical circuit by means of a
Yeactofmidarisionl CirG R FlANERdTIEAY efditarrsMiciaifiadnsrnmidehtes
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gyrator adapted to emulate inductor behaviour. 22. An electrical circuit as
claimed in Claim 20 which the reactor means of the load end monitoring
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detected by the load end monitoring means is a voltage change generated
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thermeaaispessmefithe vinadendnpaiteriagragansdsaiminduaasy and
reaction of the inductor to a short circuit which is detected by the load end

monitoring means is a voltage change generated across the inductor. 24.

¥ elegtrigiatikyit asutlaimadineglain R3oonieh a shuptresister ise reactor
connected acros§ the irA;juctor. 25. %electrical circujt as claimed in Claim
n
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referenced comparator means, in which the output of the positively
referenced comparator means and/or a negatively referenced comparator
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and in which the

17.  Anelectrical circuit as claimed in Claim 15 or 16 in'which the power supply
end monitoring means and isolation means comprises a positively referenced
comparator means and/or a negatively referenced comparator means, in which the
output of the positively referenced comparator means and/or the negatively
referenced comparator means is used to fully or partially isolate the power supply

from the electrical circuit.

18.  Aneiectrical circuit as claimed in Claim 17 in which a positively referenced
comparator and a negatively referenced comparator are used, and in which the
positively referenced comparator and the negatively referenced comparator are

referenced to the source voliage.

19.  An electrical circuit as claimed in Claim 2 in which the load end monitoring
means and isolation means comprises a voltage coliapsing arrangement comprising
a comparator referenced 1o a reference voltage, in which the output of the

comparator is used 1o fully or partially isolate the load from the electrical circuit.



positively referenced comparator and the negatively referenced
comparator are referenced to the incoming voltage. -47- 27. An electrical
circuit as claimed in Claim 26 in which the positively referenced
comparator and/or the negatively referenced comparator of the load end
monitoring means and isolating meané&re adapted to ignore DC or low
frequency incoming voltage variations by means of a slewing means
% nd/or a filtering means. 28. An electrical circuit as claimed in any of
f
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voltage and/or current to the load. 29. An electrical circuit as claimed in
any of the preceding Claims in which the load comprises one or more

zmad devickstaind| @i rcutuitscidtnéd ielentieab Oirc whas clairnedibrGhaifs of the
9.in WhICh ach of the one or more chd devices and/or circuits is
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naiiecmcalemmwwubstantlally as described herein and as shown in Figures
10-12, 14, 15, 19-21, 24, 26, 27, and 29-31.

22.  An electrical circuit as claimed in Claim 20 which the reactor means of the
load end monitoring means is a resistor, and reaction of the resistor to a short circuit

which is detected by the load end monitoring means is a voltage change generated

across the resistor,

23.  An electrical circuit as claimed in Claim 20 which the reactor means of the
load end monitoring means is an inductor, and reaction of the inductor to a short
circuit which is detected by the load end monitoring means is a voltage change

generated across the inductor,

24, An electrical circuit as claimed in Claim 23 in which a shunt resistor is

connected across the inductor,

25.  An electrical circuit as claimed in Claim 23 or 24 in which the load end
monitoring means and isolating means comprises a positively referenced comparator
means and/or a negatively referenced comparator means, in which the output of the
positively referenced comparator means and/or a negatively referenced comparator

means is used to fully or partially isolate the {oad from the electrical circuit.

26.  An electrical circuit as claimed in Claim 25 in which a positively referenced
comparator and a negatively referenced comparator are used, and in which the
positively referenced comparator and the negatively referenced comparator are

referenced to the incoming voltage.
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27.  An electrical circuit as claimed in Claim 26 in which the positively referencad
comparator and/or the negatively referenced comparator of the load end monitoring
means and isolating means are adapted to ignore DC or low frequency incoming

voltage variations by means of a slewing means and/or a filtering means.

28.  An electrical circuit as claimed in any of Claims 7 to 27 in which the recovery
control means further comprises a function generator which directly or indirectly

variably adjusts the input voltage and/or current to the load.

29.  An electricai circuit as claimed in any of the preceding Claims in which the

load comprises one or more load devices and/or circuits.

30.  An electrical circuit as claimed in Claim 29 in which each of the one or more
load devices and/or circuits is provided with its own monitoring means and isotation

means.

31.  An electrical circuit substantially as described herein and as shown in Figures
10-12, 14, 15, 19-21 24, 26, 27, and 29-31.



