WO 2011/ 041356PCT/ US2010/ 050641 SYSTEM AND METHOD FOR POLYPHASE

GROUND- FAULT Cl RCUI T- | NTERRUPTERS FI ELD OF THE | NVENTI ON [0001] The
present iwoentiamssel ates generally to pol yphase groundPCamiseo10/050641
circuit-interrupter (G-Cl) systens, and nore particularly to a system and

met hod of usj | t i | a rippi ' | i CKGROUND OF
THE | NVENT] ml%ﬁoﬁﬁg&iﬂ@%@@@h@égﬁéﬁm?&¢ﬁEﬁﬁ@ - pronpt
detection and isolation of systemfEphipTrRk! € m ni m zi ng nui sance
interruptions. See for exanple U. S. Patent No. 7,301, 739, which is assigned
to the present assignee and which is herein incorporated by reference in
its entirety. U S. Patent No. 7,301,739 also describes a neans to
conpensate for small capaci tEiNEDCQF AdH BNYENTIONr mal |y fl ow t hroughout a

t hr ee- phase power systemduring |ow or high-level ground-faults, thereby
furtherpypdf1iF.Z -1 PRI - [ jit

syst o VT et SRR el WEn A IPHOFEE e But ORI tFEs | vy
obj ecti rmtting reliabl hi gh- spee round-fault jnterruption for
oot e (Reab B g Sheh Bty g e SRR AOBRTOT 456 el Bsebitifing
typically | ess than 125 volts phase-to-ground. [0003] Although conventi onal
GFCl syet BipRIngdAtcHiEcped- i abl e for three-phase power systems rated 480 volts
phase-to-phase (i.e., 277 volts phase-to-neutral or ground) and above,

"nui sance" tripping may becone nore prevalent if used with pol yphase
systens operating above B2EKGQROUNDANETHE-INMVEMHON e to significant
capacitive charging currents that are characteristic of insul ated phase

conductgp2|agHqel §fskRn i bRAIBIprNedPlAPORid! ISI%HigE HetediGS Gng R ZdAdof
currents result fromthe distributed capacitance of i1nsulated phase

CondUCts%t%mi ﬁu}{\g)w%gl]é1r/1191411r:1|‘1§z?1§gpg{1r{sal1%18c%01%‘1%/1’%%8351{15:." See for example U.S. Patent No.

7,301,739, which is assigned to the present assignee and which is herein incorporated by

O]

reference in its entirety. U.S. Patent No. 7,301,739 also describes a means to compensate for
small capacitive currents that normally flow throughout a three-phase power system during
low- or high-level ground-faults, thereby further minimizing tripping of the non-faulted
circuits. However, GFCI systems in most common use at this time have been designed with
the primary objective of permitting reliable, high-speed ground-fault interruption for single-
phase power systems operating at relatively low voltages, e.g., typically less than 125 volts

phase-to-ground.

[0003] Although conventional GFCI systems can be reliable for three-phase power systems
rated 480 volts phase-to-phase (i.e., 277 volts phase-to-neutral or ground) and above,
“nuisance” tripping may become more prevalent if used with polyphase systems operating
above 125 volts phase-to-ground due to significant capacitive charging currents that are
characteristic of insulated phase conductors associated with feeder or branch circuits. These

charging currents result from the distributed capacitance of insulated phase conductors in



close proximty to grounded surfaces or conductors. For exanple, in 277 V
phase-to-ground, three-phase, multiple feeder systens havi ng one phase

faul ted twogroumwiset he nmagni t ude of the capacitive char @gcmgsecuwiosrsss on t he
unfaul ted phases of the non-affected feeders can easily reach a nagnitude

that will "false trip" the non-affected feeders' Cl 004] As such, a
need exISEPTPERY teefundodafcE o CBLRCpRo ) PEESITRIF 0 od7 s P%%-ﬁ@-gmunﬁ,
"intelligence" or "security" for polyphase power systens at all system

vol t agehtcewbpse, madple deqsigr syssemahavippoppiphass foulies tosgretedrghe prgattidrgofabove
125V phase-to-ground. [0005] A further need exists for an inproved G-Cl
syst emthorapduitee- ghageg acmretts-dre daennfsylstdepisbaet nlge aogafoctad ffeadets sansor
(GFS) sensitivity corresponding to the lower limt of the human "let-go"

t hr eshalagllfcactld kRBAitude-tBat,wift-"6l§BAripMHcGldnffcktet §bddaR} GFCIJ. p on the
affected feeder(s) w thout causing False interruptions on the unaffected
feeder(s). GFSs designed to trip at such |ow currents typically include

current oh§f48d QBT S kbR lexIRY §1€a SUBCERVIBNCHaP ARINEHHE iBRproNAL pifue to

hi gh-1 evel "‘ground current conditions oninvol ved branch or feeder Circuits.

Magnet i.g t ur at.i on_of .t h ransforners my. cause the cor ondin l's
o ral saSMal LB Rluhi'dat BATELRE T8N et R et BB
system and thqd for ground-fault circuit-interruption is provided for use
with a p&mvﬁa@ymww&mtﬁ%ﬁaerat%%b?vsd%g{é iﬂhﬁﬁ'tto'gJFQW‘ﬁg mul tiple feeder
or branch circuits. The ground-fault circuit-interrupter (G-FCl) system

i ncl udes a voltage unbal ance detection device coupled to the power supply
and t hd 0831 Hughesi needi existy forgan emproygd LK) sxpéan dpb Hiramplasgntwli-fasder hr ee
phase voltages of the pol yphase power supply during a fault condition, and
a pl ur alystems diaviBEG gronnd-$aulespeat (GIS) scassati etredpandihg tdthenaivar bost afnd
each one of the feeder circuits, each of the GFCl units being operative to

gener attge Buthan let-5b'0thadshe Il sfesipentli 89 41Oma, WRiOkill RA1ES56RCHh U StdH 0641
fault condition on the associated feeder or main bus circuit. The system

al so 1 neldigs v@th?&t”&%‘d%iﬁg RGe GREPUHRNL Rahe Hﬁﬁ?&%ﬁ%’ee%eg(sg?m@i(ﬁﬁgh%tow th

t he vol tage unbal ance déetection device and each of t I unit r

cont i nyously itaring the lta unbal ance.and fault si.gnal s er at ed
byt ho (R SuiTP R S e kP DR B Py B b B e BRSl

i nvention, the processor jis programed to determ ne when an actpual fault
condi t iMB#ENSYS s3turagR due tpmhigh- ?V&? grogp PH%W&P?&B@HW@WQ g bangh ek Feedstn
predeterm ned rel ationships anong the fault signal generated by the G-CI
uni t i reitchigs. ndpgndbigssagirpteen of b trepsdorfraqus tmayi gavak shgepwespoadingyGERB ©FC
units in the feeder or branch circuits. The logic then determ nes which of
t he feddBelyarip hofaittedicircuitst s i s experiencing the actual fault condition,
whi ch then causes the processor to generate a trip signal to the GFCl unit
or units corresponding to the feeder or branch circuit or circuits
experiencing the actual fasiiMNARY OF QME ASVENTIONhe correspondi ng faul ted
circuit or circuits are interrupted. [0008] The logic further causes the
processor to generate an inhibit (or "no trip") signal to the renai nder of
the GFGhfodt AlStchPSfiehe@bd BEARE I EidftilcSiiBHERIGH § PROAJQIREEERshNg t he
actual ground fault condition, thereby causing those non-faulted circuit or

circu tp%l}p%ag)eep&(}gi ?uip%faydaﬁd’ g%&ilg b5 rc'ﬂ@ﬁiit %gving multiple feeder or branch circuits.

The ground-fault circuit-interrupter (GFCI) system includes a voltage unbalance detection
device coupled to the power supply and the main bus circuit for detecting a voltage unbalance
among the three phase voltages of the polyphase power supply during a fault condition, and a
plurality of GFCI units respectively associated with the main bus and each one of the feeder

circuits, each of the GFCI units being operative to generate a fault signal corresponding to a



[ 0009] The GFCI systemin accordance with the present invention can nore
reliably disconnect power froma faulted feeder circuit w thout causing the
i nt erruptworrotfo413se ot her "heal t hy" feeder circuits. TheCprisg@atsisaventi on
provi des a GFCl systemthat can nore reliably detect an actual fault,

determ ne the. .l.ocati on of the tual faul f, and tI i nterrupt the
f aul t ed@df cepgifion on B assosptedrrs dey @i B m&ﬁwﬁ Q@E trnpe Fududes dse

trips of non-faulted circuits, especially those circuits having G-Cl's that
are subjoswuter or somewtadynnl sracesspr bl eammuRiRaiagi Wigh theriodage inffalanen delscliond GRS
magneti c saturation effects during severe phase-to-ground fault events. WO
2011/ 041316 PG/ das2 01 00 60F4 LinBRIfGFcDESTRISRT hONiteFnd He RDIRAYE NGBalhO@14]d A
detail ed description of the present invention is nade with reference to

speC|fuﬁmeﬁgﬁgggaﬂiaedbﬁﬂ@qjcgmmﬂdg ustrated in the appended draw ngs. The
drawi ngs depict only typical enbodinents of the invention and therefore are

not to be considered to be limting of its scope. [0011]] FIG 1 is a

schenat|pgoq| Ih%é&rdé’dc@%é}{% Asbé'c%toﬁﬁé ﬁ}gse%t fn%ﬁ?onp hﬁ%ﬁo&@y&‘ﬁs P ?PJreré:d toC U' t
having nul tiple feeder circuits and systémin accordance wth t

pr esent Nt I a of

Vor t ageielEiahEd: %11 tak 3f%ur%t e %Xls?sa%aé% SR B pt 8 RITRL, Bhafipee fa ®

i nvention;, [0013 nd b are agrans il | e

cur r entCSHHEBRE ‘ohedign ey 4 e gﬂﬁfd%anal gggq%fﬁﬁ bpd@a%}ﬁw&%mﬂ& and b
are phasor diagrans illustrating the current distributions of a

" hi gh- reaip dyuareeuig pad mﬁﬂultsymagawget{em%py thaaSF B aingtp dn theafeedgyharsyrnch

diagrams illustrating the current distributions of an "ungrounded" system
circuits. The logic then determines which of the feeder or branch circuits is experiencing the

actual fault condition, which then causes the processor to generate a trip signal to the GFCI
unit or units corresponding to the feeder or branch circuit or circuits experiencing the actual

fault condition. As such the corresponding faulted circuit or circuits are interrupted.

[0008] The logic further causes the processor to generate an inhibit (or “no trip”) signal to the
remainder of the GFCIs at the feeder or branch circuits, which are not experiencing the actual
ground fault condition, thereby causing those non-faulted circuit or circuits to be inhibited

from interruption.

[0009] The GFCI system in accordance with the present invention can more reliably
disconnect power from a faulted feeder circuit without causing the interruption of the other
“healthy” feeder circuits. The present invention provides a GFCI system that can more
reliably detect an actual fault, determine the location of the actual fault, and promptly
interrupt the faulted circuit as required. The present invention also minimizes false trips of
non-faulted circuits, especially those circuits having GFCI’s that are subject to power system
capacitive charging current influences and GFS magnetic saturation effects during severe

phase-to-ground fault events.



[0016] FIG 6 is a flow chart illustrating operation of the processor of
FIG 1 for an ungrounded power system [0017] FIG 7 is a flow chart

i1l ustratwogonpeiissi on of the processor of FIG 1 for aP€®iusdiosgreaunded or
hi gh-resi stance grounded power system WO 2011/041356PCT/ US2010/ 050641
[0018] FIGS. 8a and b a ) g irst set of nethods
for performng a main g 3

sol i dl y- gr ounded/ hi gh-resi st ance grounded pomer systens, respectively, in
accordance with the present invention; [0019] FIGS. 9a and b are fl ow
charts I001Qsfyr datpileg dessptinuob e RSk imsagon by M3de FofhTsigrencarin pacHif t
test of ungrounded and solidly-grounded/ hi gh-resi stance grounded power
syst ensmhodspets itheetof, asi Hlusicged danloe appented deavngs efthei dreremigs alepicf 00R0]
FIGS. 10a and b are flow charts illustrating a third set of nethods for
per f or rypigaleniidimérasi bf the@stentibn Ung fiRusTeRthranst to be considered to be limiting of
sol i dl y- grounded/ hi gh-resi stance grounded power systens, respectively, in
accordangeow th the present invention; [0021] FIGS. 1la-c are flow charts
illustrating nmethods for performng a feeder fault test in accordance with
the present invention; [0022] FIG 12 is a diagramrepresentation of a

faul teq 06{'@9?@ hAge, &@@h{ig%é&iﬁﬁﬁ&ﬁ{ AHRAGH PLNRL-SHRP WY Sp Bdling

mul tipl'e eder circu

having multiple feeder circuits and a GFCI system in accordance with the present invention;

[0012] FIGS. 2a-c are exemplary implementations of a voltage unbalance detection device in

accordance with the present invention;

[0013] FIGS. 3a and b are phasor diagrams illustrating the current distributions of a "solidly-

grounded" system;

[0014] FIGS. 4a and b are phasor diagrams illustrating the current distributions of a "high-

resistance grounded” system;

[0015] FIGS. 5a and b are phasor diagrams illustrating the current distributions of an

"ungrounded" system;

[0016] FIG. 6 is a flow chart illustrating operation of the processor of FIG. 1 for an

ungrounded power system;

[0017] FIG. 7 is a flow chart illustrating operation of the processor of FIG. 1 for a solidly-

grounded or high-resistance grounded power system;



[0023] FIG 13 is a block diagramrepresentati on of the fundanent al
conponents of a single feeder circuit of a polyphase G-ClI systemin

accor dancEowntiin4tise present invention. DETAI LED DESCRI PPCONSp@024(j64The
present invention nmay be described and i nplenented in the general context
of a sy C ut er thods to, be executed by a c ufer. Such

conput (PO BITLERES afehnt S rd Bov S AITHE G TSt 8 S TRSDO G T MO et 5,
conmponents, data structures, and computer software technol ogies that can be
used t dnpedaudt eptrfrungraunded akiedidhheropndrddysh-sisstange erayaded peparsystsmss war e
i npl enentations of the present invention may be coded in different

| anguagesctiovelppphi@adanoawith the pasdng inyveofiorgconput i ng pl at f orns and
environnments. It WD 2011/ 041356PCT/ US2010/ 050641 wi || be appreci ated that
the scope and underlying principles of the present invention are not
l'imtedodmaRyGPdatdndW @t Mo TPhirerillsdfating b &ct@dhiaobOgi¢tholl O 2 lerfvBhdgwer
those skilled in the art wll appreciate that the present invention nay be

practi gggn lfe?dlf‘@s@cf%n%gb%n%d mhﬁﬁ{-é&ﬁn&gd/m%ﬁ- &ﬁc@%@tﬁ%& P& systems,

configurations, including but not ITmted to a system having single and/or

Tl ti - REOSERSEr i QURYLSE. REAGRSRRL ifiapde! d devi ces, programmble -
consuner telectronics, mhni-co ters, mainframe conputers, and the |ike.
The invention may al so be practiced in distributed conmputing environnents

where t per f or,med server.s or other.processi devices that are

1 oked BBl "Bl fhs doiehatBndinit iR sor et BeMRe o e bR oo
conputing environnent, program nodul es may be | ocated in both | ocal and
renot e r@@ﬁé@nlbﬁestsqfomawnﬁ@gm johidyogrionpdadansh-yesitapca geovaded paker sygoms)

Al so, an article of manufacture for use with a conmputer processor, such as
a CD, preretaiyed actiosdanoe wathhlke presgait wedestnién;devi ces, may i ncl ude a conputer
program st orage nedi um and program neans recorded thereon for directing the
conput er processor to facilitate the inplenentation and practice of the

pr esent[002MeRIGN.1aSUab fldeviiaes ikntatfid hetheds 6dr peafouhagt difeedal fagit tat In
within the spirit and scope of the present invention. [0027] Referring now
to the QravhngsviteMeoistRmnNhven@bnt he present invention will be described.
The invention can be inplenented in numerous ways, including for exanple as
a system (including a conputer processing systen), a nmethod (including a
comput gboiz;lpizﬁ?‘?ﬁtiﬁq gﬁ"%&lﬁ‘?épre&ﬂﬁﬂ%ﬁf AN Sred %hr%&?%k%%‘i%ﬂ-&?%%%@%maﬂaéam a
conput er program product, a graphical user 1nterface, web portal, or a
dat a structureltangibhé.fixe .i.n.a,conput er readable nmenory. Several

enbodi RIS SHPY RETHY BOdR MURRA AT Ace it ussed bel ow. The appended
drawings illustrate only typical enbodinments of the present invention and

therefore are not to be considered |limti of i.ts scope and breadth
[0023] FIG. 13isa b?ock (ﬁagram representar‘gon or}%he Eundamental cpornponents o?a s}ngle

feeder circuit of a polyphase GFCI system in accordance with the present invention.

DETAILED DESCRIPTION

[0024] The present invention may be described and implemented in the general context of a
system and computer methods to be executed by a computer. Such computer-executable
instructions may include programs, routines, objects, components, data structures, and
computer software technologies that can be used to perform particular tasks and process
abstract data types. Software implementations of the present invention may be coded in
different languages for application in a variety of computing platforms and environments. It

5



WO 2011/ 041356PCT/ US2010/ 050641 [ 0028] The present invention relates to a
ground-fault interrupter circuit system ("G-Cl S3Ph") for a pol yphase power
supply sywbemiavisag nul ti pl e feeder or branch circuitsPCBUS2EY/08fe4EXxanpl e,
and not limtation, the present invention is described below with reference
to FIG 1, which.sh e, or, star-connected secondary transforner

wi ndi ngmilfbeaanpﬁ%aé@%ﬁ%g thetks aad GRSV EREPLeS PP RS BESTBBAES nof
branch circuits. The ternms "feeder" and "branch" are used synonynously wth
r ef er erlggiteddotaRE peticelar erapulPt softveee tsghide@t |ines A -B C, A'-B'-C', and
A'-B"-C', and it is understood that either termcan refer to feeder, branch
or to other circuits derived froma main circuit. A "fault condition" or
“faul t [902faVpteof oy thdse shilicpas dlse aft wiHeppreestmthat theepricsamn inveefien snayobca
condition or signal received froma ground-fault circuit interrupter (G-Cl)
unit ( erectice@nhg anGot 2r c6mblind)ion 9F GbifiE-atabhd sEENGEO cof figuPatichs Jincludimpl,
GFS2, GFS3)), or other equival ent device, where the signal represents an

actual fiaubt iGRBH b QRtGh h%vﬁ?%isarfg;lé Qﬁcﬁoﬁﬁﬁﬁﬁﬂ’ol ésk&‘%loﬁﬂﬁtér%récé%ﬁ, %ég‘ﬂ tage

unbal ance condition that result roman actual fault ‘anywhere on

pol yphas [ | tem An " ual fault" or "actual fa

Cond | B Orue SR I fhdtfe iltessumBhorsr Mt Erbussis o
resultin rom t not |[imted to, a short cjrcuit or abnormally | ow

i rrpedar‘?é‘g tésﬁuke-bgthﬁe@ﬁelﬁwgsw a%sopb?agréﬁmdglpdhﬁag%é GEMRHERE FRYIFPHE S ower
supply system and/ or feeder or branch circuits. [0029] The power systemto
whi ch twlecrGrsksagpperfosmag biyi sersrseoethpy prescsaingolavicss that aec phgslethpghra
transforner, which nost comonly is a delta-we (alternately termed "delta
star") ,oner ol nthet t detad ebinmunidatiors phaveekt r dnsf dismrutabromptiiion cheirowaemtf he
hi gh vol tage and | ow vol tage sides. O her transformer connections, such as

but  notprbiriint B tBE b¥YRakE!ih Bo®l 06 ahd re&h& 38mpaRt k@kigath@isincARngd! SO
be useéﬁ so long as the system has normal |y bal anced voltages with respect

to 9r0HﬂQn8ﬁwﬁﬁ£éJhe§ﬂQ§ power transforner converts the voltage of the
distribution systemto the voltage |l evel required for power utilization
where the GFCI S-3Ph is applied. Wien the utilization distribution system

suf fer upbal anc phase-to-agreund short circuit WO

0117 0B SRR 50 BERRT: SR RN SRS e sressiBrovch b pGR. Preme

fault unbal ances the normal ly equal phase-toground system voltages at the

| ocal J@?qrfi%{;@ﬁ% A §§1§’E BVt AGRICER Y. INFYIR B]COMPUIET PIREHE ST aFMEHER t o

FIG 1, the three-phase transfornmer secondary w nding of the power supply

syst emand pregrememeaiscigldged dgstandfoyj darcatimgihe einmagtt progesaiieto @me the t hr ee

power buses 12, 14, and 16 providing three-phase power conprised of phases

A, B andpEmanesipachnd girycticEonhelod @desent tilmenboises Sikéh dbdicearmid 16etiates of

t hr ee- phase feeder or branch circuits shown at 18, 20, and 22 ,

r especthMmRifyctird@lsddhing it @6 spieveid ddopesft de prdentditbnton. A", B and C'; and

A", B" and C'. The three-phase power supply system 10 is also coupled to a

GFCl S-3Ph systemin accordance with the present invention, which includes a

GO unpbaf]a8ireRakeR e Mol BrodfifodTriboih el lof AdpGidcSintEidoh, wHI @2 and
e fee an 2,

GCl3int r or branch circtits 18, 20, respectively. Each
G-Cl it _ingcl d: faul t GES1l, GFS2 S3
respeorival i 158 TufaloP KA he b buBrD ° e wie SRl Totmmelecor

each feeder or pbranch circuit (designated 1, CB2 an , respectively)
as wel 1SY8€My (g udingy 3pIcOMBHSE KFPCHBIBE Eﬁ&m%@ mﬁﬁie@ugggﬁimgf auPIMRYtenal
indicative of either an actual fault condition or a capacitive current flow
associ amptemintdd mefhoddiean Bpparatns.ci rcoiputer wihdsabld snedinde avcaiipatst eprogram
conput er processor 24 as described below with reference to the exenpl ary
GFCl  showduct,na fgrdphichB usdhiatérfaael & vedbgpadtal,’ of ar dexatpétare tagibbe fiaed un reent  or
vol tage signal representative of an instantaneous unbal anced current flow

neasuranﬁhu%hﬁmﬁﬁkiﬁéﬁﬁﬁﬂi@Qv&EﬁmnB&ﬂﬁéthQWmH3§&mﬁfﬁﬁ@ﬁ@&fa%ﬂdﬁaﬁhﬂﬂes

i nputs 30, 32, 34 and 36, respectively connected to the main sensor MGS
and th d , , . . .and 46
s pectieiiry The AFARALS aff s HiSFuc 300 (EA AR RULRHF ciResciny i

f eeder or, branch breakers CB.1, 2.and..CB3. These sensor inputs and

bt put o By e e L B e S R s uch bt 1 ber - opt i ¢

communi cations, etc., into the central¢



WO 2011/ 041356PCT/ US2010/ 050641 processi ng device 24, which determ nes the
magni t udes of currents based on the fault signals from M&FS, G-S1, GFS2,
and GFS3,wendigi4iiser actuates or inhibits the associ at e@Cgiuseuosisieaker s
trip units. The current magnitudes or fault signals used in the

determ can be .peak, avera r oot n-square, .or. digita

or oceaJIRThaSP vt IPEBPR RUSEDI8 i @R DR Rkl R RSl ¢
signal s { be digitally processed (or flltered usi ng anal o neans such as
passi veFhi’) fasras polaplarsp @omep sepdn sedcradiagingundimenieader s isan r GEUERCBY
conponent only (i.e., 60 or 50 Hz) in order to inprove discrimnation of

faul t owayr effexafpywaid oonlmhietion] thapresamiisehtion isdesenitreiddetoww withtreferancd toe
power system [0032] Alternatively, the central processing device 24 can

si m | arfg. detgfi¢h Bivde wiRgdE tstb‘ﬂ-%ﬁnﬂgcte@dd&&ﬁcﬁﬂﬁ @SnF0ndrNPRAIRCESa dekéved
fromthe fundamental frequency (i.e., 60 or 50 Hertz) voltage and current

quant i td n§§e pﬁ%ﬁ@ Hﬁ?ﬁggﬁiﬁq@'hﬁvﬂgﬁ%é ?&qetb@rlb?%c ctnlak/lgf”ﬁ{e RS 440 cﬂr GRid 9a b,

10a-b The n circult breaker each eeder

Phene R bre RGP ngnéwogiz83?5?%&%5?5%‘?@8%%&%0@?%@ 7 by iy V%dand

G-S3) i npl enent ed .a_core-bal ance sensor (a current transforner
equi valent det'e éndéu i% As"- 28R dgp updstrgod Hiet eifler rer@rqaéé@fer@rfeadeéybfﬁ

utilizing the summation of three, individual-phase current tyansforners of
suf fi cicere othet airawis)desizbd fram calainycichuyi ot EhulitcoBdifioB20r Faulanigndlp’ for the
respectively, that encloses the associated three-phase conductors (and

neut r alpuegusduef e prdstntappdnitioalet)s toEackditivhaa-spglabrdeiged from 4 grouhd-fautaker
includes a shunt-trip device to facilitate rapid opening of the circuit.

The sensQus i@Bdumbr @HdED) RhR V%P'CEIY QeCBRRA@ES fd%ﬁ‘l?g Rer (RS Y AL ed
G-Cl CIFCUI# bré%kggﬂtn?ts @gg Referring adgﬁﬁh?b © ,rghe ¢ S-3Ph

crstemalsR ane kiss aory h&%ﬂﬁwggﬁﬁ%%ﬁ&ﬂ3%4&%9. Seet 2L
150N 3niidR of 8¢ ﬂa%ﬂwte%uf»rgﬁteffov?ﬁ&st% PRI SRR YnSSheE Tordlisnh FaPR4SHs Puses
from an actual fault anywhere on the polyphase power supply system. An “actual fault” or
“actual fault condition” refers to any abnormal current in the power supply system 10
resulting from, but not limited to, a short circuit or abnormally low impedance path between

phases or phase-to-ground associated with the power supply system and/or feeder or branch

circuits.

[0029] The power system to which the GFCIS-3Ph is applicable utilizes a source three-phase
power transformer, which most commonly is a delta-wye (alternately termed “delta star”), or
a delta-delta, three-phase transformer connection between the high voltage and low voltage
sides. Other transformer connections, such as but not limited to the wye-delta or delta-zigzag
configurations, may also be used, so long as the system has normally balanced voltages with
respect to ground or earth. The power transformer converts the voltage of the distribution
system to the voltage level required for power utilization, where the GFCIS-3Ph is applied.

When the utilization distribution system suffers an unbalanced phase-to-ground short circuit
7



WO 2011/ 041356PCT/ US2010/ 050641 14 and 16, is used to sense so-called
"negati ve-sequence” and "zero-sequence vol tages" during an unbal anced
phase-t o-Woaond4viskt age condi tion. Such negati ve- sequen®PETAAIDOSW4Eequence
vol t ages are al ways present during a fault to ground on a three-phase power
systent Se for exanpl e, i | ar | enen |ons of a
ser o- s dbhigh %rgla&egr}ma%ﬂ oGty e ik et 6 ey crrb A e, O
Wagner and R D. Evans, "Symmetrical Conponents as Applied to the Analysis
of Unb@ralrr@ewstenecqltag@%qtt logaliutidizatiopseptan- vltage Byolk Co., 1933, New York.

Al ternatively, as would be appreciated by those skilled in the art, other
har dwar e and software nethods can be used sense, neasure, detect, infer or
ot her wi[§83M eWathnfunthet rdgrandovie- ISy Ue tioethrarghale srosfemuu enamdugl wvages' off hat
exi st during an unbal anced phase-to-ground fault condition. [0035] By using
a conmeheipailey s@ppdy byabdne 10 & dlegecalyalpeg &idetact dignitdesikee(MOB( tdthree
exanpl e, an instantaneous overvoltage relay as depicted in FIGS. 2a-c as

68, 78,poer Ytdes BN 14NHA ?@%Rﬂd&ﬁ?%ﬁ@é Bh&"eg}é)%r VehbRGR &Pﬂ%éé RNBakHd @W as a
fEMIVO|tS can be detected pronpt approxrnate y 0.02 to 0.04

SecOndsrespeg‘u\‘;Jl 3 hbggne%pe%stg HONREs %%’ Slt4? c% Tg Rl ectﬁ yph \M%]h 2ed& o brstah S Sits

vol tage "I's oﬁﬁ% present urrn ‘aul t roun hegat1 ve-seéquence
voltage is pr t dyrin bal Ced fault se faults
or for %ﬂvnﬁﬁigeﬂt &95@2., L ‘ﬁ‘g‘/ @r@{‘}ﬁe thige RAYH hnFtA. g’ﬁr@éﬂébr@ 1l use
the vol tage unbal ance detection device 60 connected as shown in FIG 2b to
det ect GerandsguBncandvol't alec (hresrpleasc T®wer vappliresastametl 3 alsoreoupigyl teur i ng a
fault to ground by sunm ng the three line-to-ground voltages and dividi ng
by t hr deFCISOBE6 bysfdrh én natdrdalcy , widnyhcopresdne invendom,t whshaneludds £IGBET Rdt- ¢ can
be used to detect the zero-sequence voltage. Still other nethods of

det ect i RR@ighfted TF(ANG BOUE MeSn ¥REGIRAR] @ GFed], GRCIUAINGFEREInUEE fQlder or
filtering and synt hesi s technlques to detect and synt hesi ze the sequence

ESE"B?&%@h"% (ioYise &E}ﬁ‘?%s‘z’%@%ﬁ%g%e??“g?ﬁ?‘ R, ?f?%ﬁ%% S
over vol (a0 BEDE G5 RFSeu ¥ B BrCii Fombin SaPRapBESS fedg b g e

processor 24 of the G-Cl S-3Ph system OOBI%aCDnse uently, when the

magni t JeCckh foedor 95 dransh £irawié édeésg@é@é Bl gy étlcbfi nEYPediveyhas selmsunt |
then other fault paraneters, such as current, inpedance and/ or adntttance
are anahyineupplp bekeker MiCRe Ea¢h GFCh pastiotst: tfilpsigealdindicative pfeitlicsan jagtual
satisfied, for exanple, 4 to 6 mA for a fault current. Wien fault currents
ar e anghylz eshdifier oex aapictivetduerept 06w aS@icia?Al @ith arfotde@/dranh chrc@E G hivnig has
t he hi ghest magnitude of sensed current and identifies it as the main or

f eeder /i RNEAIIENET0 Hﬁﬁpﬂt&eprgéégkﬁ}@ﬂﬁldeﬁcrﬁﬁg b@W whE réfticRBeR tht RkQHgBnt ri p
out put 40, 42, 44, or 46). The tripping of all other feeder or branch

circuit i o] Iy‘ k |
o U et o %‘*tl????n;ﬁ St R %{afﬂglt‘ VSR AhreEol RO Gl
includes nultiple feeder or branch circuits E@M’ﬁ}thr are shown for

si mpl i PRSI et H AN TR ERIERoQR Wvalenes! GHTnh cpRurofl A ) ORI ng a
GFCl unit including a ground-fault sensor (GFS) that provides input to the
syst em@FDcessor 24 and controls the tripping of the appropriate circuit
breaker (CB), should phase A" of feeder 18 suffer a fault "F' from phase A
to ground. The currents flowing in the circuits are as illustrated by IF,

| R and [003l]|foupscrofroegssavdst insluans imputsTie 3di 34 rnbddbetspapaclyt@noectaf ta he
feeder cables is illustrated in dashed lines as three |unped capacitors
connecttiel nlagt vessr BIGRSshdhd feateh s@ﬁaﬁeGESI,G{HS’B,faﬁ@@H?SSQ andbatpal 40, Heui t

and having currents IGel, 1Gc2 and ' Q0. The fault signal or current |IF can

be exprgsgRdid s Eﬁe‘%ﬁ(’@ly@omﬁ&?&ﬁo@% FRf Sir@MhrbikAMEB aRGYRL LQBral Bedbebow: -
| GC1 | GC2 | GC3. Equati on

branch breakers CB1, CB2 and CB3. These sensor inputs and outputs are wired to, or

otherwise connected by means such as fiber-optic communications, etc., into the central

8



(1) WD 2011/041356PCT/ US2010/ 050641 [0038] Alternatively, the fault signa
or ground currents can be expressed in terns of inpedances (ZF) and

adm tt ancE® 20MFH135%WV t h a neasur ed zero sequence vol t age pcvajs2etamsisapedance,
ZF, is VOIF and the adm ttance, IS IF/VO Individual branch or feeder
circuits that re n i nvol ved in he actu fault c r esen ed by
| mpedarffesssiing dviee %MW%H@&@N@% &Fﬁnatgﬁ&u st e Bise Ogﬁaelgf o%’ﬂ“s? Usi ng
the sensed currents in the respective feeder or branch circuit (e.g., |Ccl,
| Gc2, drom&d$FS) GFSS, GHger %ﬂdoﬁg S3.handk ¢ither prigighor it the rﬂswtﬁt%’ecm’e‘fd in
connection wth the grounding scenarios - "solidly-grounded,"

" hi gh- rlesikstsamde ugito Jhd edsréntanagnitudeyr auade dignals degl iottbe detarnkin@sn Ga-le, 4a-b
and 5a-b and described in U S. Patent No. 7,301,739, but is not restricted

from apfhk,Catdrast, tooPMBSI-sGMSd, et dig@tdngli Iﬂﬂcd@@éd" QflsderiSUE r@ie POVREastySEt eNs
that are |owresistance grounded, resonant grounded, or reactance grounded.

[ 0039] éuﬁe@%fan&?gﬁ%llw fnD f&lﬁ?Sl h&s fld Herﬁigl@ilwlrocésgeqi Qinﬂe}ég nr%]c arfal

vol t age un r-zero- seq ence volta can used to deterim ne

the threshold n s of t hr ee- rround-

ci'rout i ever b eb Ml i HECLS, Roriied S5 EPERE pweof?e%@cyare
applied. If the detected zero-sequence voltage is sufficiently low,_ i

r epr es&RTIPRESY aga(ite- A9 Pagfe Hanphpuist & trepr@%éﬁamem@ﬁgn Phdatlhwenh ﬂagfes
tripping a GCl, e.g., for a person touching a phase conducted on a branch
or feedem ¢leetishl “narmg” pr baringinregeuarepiston thopgwewsysteor earth, may be

determ ned by the zero-sequence current magni tude al one. Typically, when
the sensed current on a faulted circuit exceeds 0.006 anpere but is |ess

t han afdpoii Aedredtivebne tlemeenteal tpheccssems edbvicapadi tecaw esiatilarlgntdefetroinet Ircough
all of the other non-faulted branch or feeder circuits on the utilization

system M&J%fwhtﬂd&eoﬂ dasdigackd Ql@d\{mpddaﬁ‘ces degldd hemane €,deebntall REqEBEP(ISEMIENCE
current (actually 3 tines can be measured by the core- bal ance

current, td f WO
2011/ 01 30aHE RS oFERu b ?1%85@%‘@@5 G A A
exceeds res tive of a fault current of significantly higher
nagnltJ83q¥ﬁé%9?H@gtwgﬁqd%occur wi th human contact, this trigger point may
be used to enabl e the discrinination features of the three- phase ground
fault interrupter system and _apply on f t he fol thms; (1) a
curr entlﬂ nit %H@Hbewgrbreﬁﬁ T M @P@ﬁ Sﬁieré&é’ﬁgﬁﬂcg Cafgwg I‘%Eﬁﬂ% d‘FBFlI’ &82 ga-b:
(2) a zero-sequence inpedance conparison algorithm for exanple as shown in
FI GS. gad BI)wfdeis senwraielytdeeivehtiirteepiasprexsiam s apassodiaiqd arpadifmestasete,
which is the ratio of the neasured zero-sequence voltage divided by the
measur g Fser 6FS2 gueé iiiiS3¢ unplententedras @3orabalend- sequda caerradiantfanaer or an

conparison algorithm for exanple as shown in FIGS. 10a-b, to determ ne the

| ar gesteqiRARME QvZ8! QALY eRRQrashihd RN CIalVBIfEdY ict 4 N§nihdlib OutRfzidehéhe
neasureg'zero sequence current divided by the neasured zero-sequence

vol taggunPluidh! oMo BEanGlly Bl GRAET cGhuf quwaﬁsfgan%rpeoyt LifieRht OcivstPm

The current nagnitude determn e Iarges e |npe ance
deternln d to he the e or adm tt e determned ta b

o et ehauialE dhfiel T ob 8 e e R i RN B SRS frb St S
woul d be the branch or feeder circuit that would need to be di sconnected to

i sol at @hesfe cardisHs fand meufrgogandurios Happplicablel B thaedteeler fegder eiaants
di scussed with reference to FIGS. 6-10 can be "m xed and matched" by having
f or exdwpdker mchulas n eunt-ttipdevitoto fahditatairapid apdning efsthe candt. dihichensoanand
i npedance or admttance test for the feeders or branch circuits.
circuit breakers may be separate or formed as integrated GFCI circuit breaker units.

[0034] Referring again to FIG. 1, the GFCIS-3Ph system also includes a voltage unbalance
detection device 60 coupled to central processing device 24. The voltage unbalance detection

device 60, which is also coupled to three-phase power supply system 10 via power buses 12,
9



[0042] The present invention is especially advantageous when the insulation
of a conductor fails and relatively high current flows from phase to
ground. SyORoH/U40386i npedance ground fault can distort tReThsk@nsoesf the
three voltages with respect to ground on the power system for the duration
of the fau The unbal ance of volta e wth respect to groun an,
resul t i’ a%)‘{ dOnd Berdr Ongenps éwcaﬁ?ﬁee&%@% BRAUERE” AU SRSy 6&8’@?#’ on
set-points, through the distributed capacitance of branch or feeder

ci rcui tdnrinBan wabalanesd Mhasd-tosgrourt veltags sondiien g Seehacaapve-sequence and zero-
2011/ 041356PCT/ US2010/ 050641 current flow is due to the unbal anced

phase- tsoqgmoeimoltageh biegdsaysyirescatduring axfatih té beuoad paeith@oebssct ppwer syrteh.

i nherent to the branch or feeder circuits' conponents, e.g., insulated

conductQksfoR lex &APleCBIGIaQd, SvhiSExaenlan dfmiplcdichtatioh g bf b Q@robs%hhéiﬁts voltage
transforners etc. The voltage unbal ance to ground i.e., the

" Zero éﬁwﬂbﬁl%ﬂ&eedé{f’étfoﬁ%wce'@ A1 SGilN ARASHNR ‘17‘{ Bf ELAR, S4yiMbRaShown

in Fl Z2a-cCc ternatlvely, negatlve sequen e vo tage det ect’i on

t echni S_can be d to et ne n canon t

phases GHIPMIGR 5r STtk §.E AT oh SR feC ERSEREE DERES, Mtk HnEh
present _during round fault [ 0043] Advant ageously, the present .i nvention
can pr d39%eC %eé%ﬁg Nevf Jiork-h A ltseagvelyyas wWavldRswippraeiatsddy 1h0é9élﬁ1 ladhin

hi gher magnitude faults to ground, i.e., through tens of thousands of
anper esyrt, vitlear haréwslges@mwﬁb&lvarag@sthpds geo hgdussdnsevec, smoaspesd, ydetash aindcend,
conpared to the current sensing sensitivity required for electrocution

pr ot ectdtigiwideadetdrmyndbnegstieowqasncd” ARG “anpacquentlvoltgget’ hthat ekt @iridlg g ound
fault, the system voltages may be unbal anced insignificantly during the
currenqm%hgﬂﬁiﬂﬂﬁggﬁ,@Dgﬁiﬁgﬂcgn&ggy In contrast, a high-level ground
fault current can result in severe voltage unbalances and al so cause a
dlstortlon of the output current from sensors that are designed to sense

| ess tgg E%Q 8" EmBRiao! EV?’agﬁbfé”Q@ﬂt Cﬁn&?n%gtde?&tl%ﬁade%c% 6@ f

conmbi n rent transtormer satur 1 on tector (current se SOI’

out put di st rtlon d tection al.gorithm to .co e,for e

sat r au it i TSt STl BGF aah oo HoRERAGS TIPS o2t 2y PO At ensor
(e.qg., zer o- sequence current transformer) during high-level fault current

to gr ouwaalamds PRERBPEUNGN VNGAFE dCadedipng %éo‘an ag faf i&‘r"Yra‘{OI tyecatinlie sdsgastd | ogi ¢
i ndi cation of which feeder circuit is actually faulted to ground. [0044]
Zone- sqirempily,ewithine prrokinmgely e& H2itqu@ 84 asscdndswvoni o thive-phase pawerabgderhe
applied to provide a logic input to the "upstreami G-CI S-3Ph to identify

t hat t heypidatisinitie fzatol deqbaroe WOIt2€21i% QB L3 BGRCIH20 Q0 Qesthdpwaile hadhtioe a
"downstreant distribution panel or switchboard (wwth its owmn G-Cl S-3Ph) and

accept @pudnebivBitdgesh Efé@éntfdhﬁﬁg EH@En&Ya?fc@dF‘fauﬁtopéﬂ)ha@@ (G PRNVR faﬁltstr@or any the

processor 24 continuously nmonitors the current om1cond|t|on

magni t 0 he § n ? aul t
and ma es(3&8%]%§¥?§%%“ﬁ?g 2%s¥§§2g§?%&§aﬁﬁﬁ fau % ﬁ@)ﬂfkggéﬁa

unit to, the sensor ut of .e ther unit to deternlne the.lo on of a
Ful ¢ Qe DrEmbed Phaborn i F ik £ 16 oottt St e e P8ed b
circuit is interrupted and all other feeder circuits are inhibited from

tri ppi fgcasures 3 times Vo) during a fault to ground by summing the three line-to-ground voltages

and dividing by three.

[0036] Alternatively, any of the circuits shown of FIGS. 2a-¢ can be used to detect the zero-
sequence voltage. Still other methods of detecting the zero-sequence voltage can used,
including the use of filtering and synthesis techniques to detect and synthesize the sequence
components of only the fundamental power frequency voltages, for example at 5S0Hz or

10



[ 0046] In accordance with the present invention, a conputer processor
(reference nuneral 24 in FIG 1) executes instructions to continuously
noni t or tWe 20H/d1336Cl unit and each feeder GFCl unit toPd@iuseemoeso6when and
where a fault has occurred, and in response thereto interrupts the faulted
circuit d inhibits tripping of the non-faulted circyits. eration of the
or oces 912 £ grameys @éﬂ@%lsSWVB&}&&G%Oﬁeetgvecreﬁawawecwaﬁﬁ@ea%%ce?@ Pl s
6 and 7, which show conputer-inplenented fault interrupting nethods for
ungr ouridgantarreus SIverroltago sefdwinthiughtione sirsthgnidactimo td el poaspted yigta the,
respectively. The nethods 100 and 200, as shown in FIGS. 6 and 7, are

si m | arprocessdri24rof speGFE1LXRlepistdnor st eps 108 and 208 i nvol ving the nmain
fault test. The method to be utilized would be determ ned by a sel ector
switch or other selection nethod that would be set to the specific type of

gr oundi[0g3YNCHARqREWET wii¢s tBEMnipnitid Bf VbleageRGlbatadbh ck&eeappl predbterhfd?] The
nmet hods 100 and 200 include the steps of receiving signals indicative of

mai N ang.£eadamolAUtic otRY4 TR PardRlcRraRbcH sseaﬁfenthlg@&%e andof Mh®RhS
i ncluding one or nore signals indicative of an actual fault or of a voltage

unbal ance_condi,t i : 2.1, 202 d. determ.nin her vol t age
inbal angeeEaS SeadheRa Rl 108 PSR FPT T Fal SEE S BUY A o
exanple in_the_form of a_zero-sequence voltage, ceeds .a predeterm ned WO
2011/ 041A5BPETRUSSITSM 05 alt e erdve %roﬁ%aérﬂplwt%ﬁrpé%@éﬂ% ith a
main fault test, step 108 or 208. For a 480V system a nomnal

zer o- seiytpém@@sv@u@la@%%ium@ps el highgss magniide aftsensed rrgerentf andpdemidiordt & y 2
to 100 volts, and would depend primarily on the instrunent voltage

t r ansf aherarainr at fooderfthanchytpa ek tky stoand-gaudtardi mgst(be. tgippeds @hiodgly trgyy outpdted or
hi gh-resi stance grounded), and the severity of the ground-fault current.

[ 0048] 4-()*,1&2,0419'[&%b.erhect@i@f)in%mllm’[h@fxﬁéd&io@%reﬁlcmh@ui@»lﬁ/ilf gitulltah@kly(be €., @
fault involving 12, 14, or 16 in FIG 1), which can take the form of FIGS.
8a, 9aap4 : - I - ..and FIGS. 8b, 9b and 10b for
solidly-grgéggg%'lﬁgﬁgﬂgg?%ﬁg%@%§g§gﬁﬁﬁéd systens. FIGS. 8a and b show
exanpl es of current nmagnitude conparison algorithnms 300 and 350 for

ungrou and sol | - gr ounded/ hi gh-r esi st ance ounded espect.i vely.
{00a5] e R te oo 3P Ean hd LS AR R PG e SRR s e
by the main unit and current sensed by at | east one feeder unit, both exceed
a predetiEHs neRly s Reme: aryrhosh Sf?lhﬁléf%]@}tﬂ’ i)aﬁ the eencgpt e)steﬂ% to épeﬁdgélzye and
if the current through the main unit is greater than the current through

t he feauarbepy cechgraaiig 2hChadit ipaleding ¢ grepnd-Bolf senspe(GIED4hatapraedes imputat i on
is made that a fault lies within the main circuit and a "trip" signal is
sent t ao tthesyweinn pfee€isoti D4 tand oottralp tHecheippimigrofahe epproprite akterit bishlep (CB), of
FIG 6. This condition would nean that the fault to ground is i mediately
downst r@gidPhadc e JTEEICERR Suff@nNSRIlt "BUGHN FhalNA G0 RAARY. ThERUARYSoRals, and
the main switching device needs to be tripped. If a smaller fault signal

curr entin.(tf?éjgi.r "Eslalre Q?ﬁ}ﬁ “%tg&\kgalm "atn'aitﬂé gl&ﬁégﬁ?gﬁ@vs i.h%at?cfaf]s?g? 8{§H?dﬁ¥ed0f t he

feeder circuits conpare S sens e mai and | e sensed

fault signal current.in the main.is not.at |least 5% qgreater than that
sonsed FHAGHYST Bbar FERCHE S St LR neaed HREei BIPHR BPALETS r om a
trip, step 116, [0050] The 5% margin allows fault signal current |evels to

be easidoynesited: betwican teser e pisach Wersspoaf1 ash1ssépc bRnch girosibeud having

currents Ige1, Igez and Iges. The fault signal or current Iy can be expressed in terms of these

currents and Ig as in Equation (1) below:

Ir =Igcr t Igea + Iges t Ik, Equation

(1)
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on the "ungrounded"” system See for exanple Tables 3 and 6 of U.S. Patent
No. 7,301,739. It would apply for a normal configuration and nunber of
f eeder orwbrandhiisercuits, i.e., a main and at | east twpCTasSAdew/os64br anch
circuits. [0051] For the solidly-grounded and hi gh-resi stance grounded

power or.for th matter, any inppedance-grounded system, as

A 12 RS VR e A SR o g T T

det erm ne whether or not the ground-fault current or fault signal sensed on
any of iffeddnsesiefd 4nd adsajttancgs d¥ el e VBitlian@gasygdduecrosequgnce soligge, Vot dig 352,
and is close in magnitude (nomnally within +/- 10%to 20% to the

magni t udgeddnct héy, iaMbAr sidgthaladoiittaneat Y s enk€d,. ilmdividealnmamchcorr feedar cirstiep 354.
If the conditions of main fault test 350 are satisfied, i.e., the "YES"
branch tpir slcepot3fdolveden ihahadvidl famitNeduld BeCRPEstA O Dyalp&ahds T iAdarnd an
inhibit main trip signal is sent to prevent tripping of the main circuit

br eaker, f : ! i fe: L3I LSo. NO',
then t raidgﬁ{rtr%?relggxg)n |t%l ?(k)%sle ge}tleogsagt% Pég{‘els gglyladglsl a 'ﬁ:'(tg ?ﬁ%& Cglf}%lﬁgﬁ%g %gsi)ﬁ%é‘feo t he
main GECl, unit to trip the in circyit, breake st of FIG 7. [0052]
At or ndt45t S hEAh RRL (OF- Fia e 5 o Foblersigeab il iyedin o
FIGS. 9a-b and 10a-b can. be i npl enent ed. using zero-sequence inpedance and
zer 0- s&qleb disedii t (oRReg Mo Ml theoBTONNGWEI sasRRIOSET GSoligly-gipendsd.” “high-
correspondi ng to ungrounded and sol i dl ygr ounded/ hi gh-resi stance grounded
syst engesistengsegtounddd,” andciungwusdatys- 40epiciedsn HIKIS. ajeab.454bfand Gebeand ni ng
the smal | est neasured zero-sequence (or "fault") inpedance, which is the
rati o afesérited i @ssiratknz &o07 36 0T8Nt Woldt agsericéed frdmchpblicdtion toreest sBttm-

zer 0- sequence current, conparing the main fault inpedance and snmal | est

feeder r@Mkﬁn'@Eﬁﬂﬁﬁc%u&9a§]Rﬁ@gﬁkﬂkﬁknﬁﬁt%ﬁ#h&whﬁ@ﬁgﬁﬁcgbhﬁ&§§h@&%aMﬁ'Ue
(e.g., VO/0.005 ohnms), steps 402 and 452, and conparing tThe nmain fault

i npeda t r fault inpedances to nake sure the main fault

inpedaE%Qmﬁgdgﬁx?%%%¥ggf%ﬁ?%fa certain percentage (e.g., +/ - 5%for

ungrounded WO 2011/041356PCT/ US2010/ 050641 systens, +/- 10%to 20% for

sol i dl y+ nded/ hi gh-r.esj, st ance grouynded syste at .| east. one of the

r eeder PR R e T b of SR G aths is5Ra) ofineSionygditpfige for

correspondi ng to ungrounded and sal i dly-grounded/ hi gh-resi stance grounded

syst ensZCra-gigerac ¥odtpge (Yolcrandle wied 3e dsfgrming dhe theesholdi v viaoh thercogednts o ni ng

the | argest neasured zero-sequence (or "fault") admttance, which is the

rati o che ttheembasugannddadt saquienaterrapier epsterdi a8 desgribyd tihel e alateng dNo.

zer 0- sequence voltage, conparing the main fault admttance and the | argest

f eeder 7,30, 13%drd bpplivde IO the pleedederdrvReguchasl Voltaghmid tsaffeéentlhr Rshol.d, val ue

(e.g., 0.005/V0 nhos), steps 502 and 552, and conparing the main fault

| npedanggre! éﬂtiﬁgxél Half J&ﬁta?@%ﬂ%laﬁé@aqbtgrbﬁﬂlﬁﬂﬂ%ﬁlettﬁreg%ﬁs&yﬁﬁ)p% g?tm faul t
0

i npedance is at least wwthin a certain percentage (e.g., +/-

ungrounded.sys . J or % 0 | 4 - e [,.ah-resi.stance
groundSﬁfg§§€g%§§%apuéyn$gg%%g%ﬁgm%%%@ﬁﬁq#@%ﬁé}9§§%@%<%@ﬂ#%?g %%ég&g?%ps
504 and 54.&%00 4L Rq;erripg %%ain %% FIGS. 6 and 7, if the current

t hr ougPHTht® HRPAT ghet . Rep® dFEHTRCE B8 By SURiseAMNgE G BN ds AOEur r ent
t hrough the feeder unit, e.g., the "YES" branches of main fault tests 300,
350, 400piveHy, whoothegpesed sorrentanm uled ewgdinesceeds (. Qthameere hut isdere thaul t
resides outside the main circuit and an "inhibit" signal is sent to the

mai n GR@braxmstetyooriendmiire, the ispped gapdcitiieecunennflowrtbwiugh alltefphd dtheofiofd G 6
for ungrounded systens and step 216 of FIG 7 high-resistance grounded

syst ensfaulkRChah&eeefecddd dircuith aul the SitifA@lonCiykeNivoaldSite meipRETRs, §.9., 8ath
ot her feeder unit's fault signal current in accordance with a feeder fault

test as,EROWDHORK STRPzd&ednbd Gurrbirt, f,QhotiB) SURLRD SYA! B Bea i 218
in FIG.e7 or s%liJ%?érouﬁﬁ%ﬁ?%idﬁ-rbgﬁégangé grounoeéagystgﬁs. I?%%gﬁr
exanple, it s found that the current thr ny f.eeder .unit "X" is

mat or 1 der b s DO i torpR s R e hLh P Ber Y or A Fie it or dance with
step 602 of feeder fault test 600 of FIG 1la, then it is determ ned that
the fault resides in the circuit of feeder unit "X " and a trip signal is
sent to the GFCl unit of that
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WD 2011/ 041356PCT/ US2010/ 050641 circuit to trip its breaker. At the sane
time, inhibit signals are sent to all other feeder units to inhibit their
tri ppi ng.wOf2oom413sé ot her hand, no feeder unit's fault ®CHABRIIOOSIENt |S
materially greater than any feeder unit's fault signal current, it is

determ t o fault resides ano the feeder circuits, and f eeder
v cur 1068V Re G, itrurdsite SBSTrYOlteeBSxeores i P EPISHGNg RN

feeder fault tests u5|ng zer o- sequence |npedance and zer o- seguence

adni t t ameencehpignifisantsy hjghosslagnbwdel than tthatgvewld aseegwéth diumanecqntass etits

i nvention include providing protection fromelectrocution, preferably 0.006
t o 0. 03figgerperirs nryricmsod foi @kble thedisciiminatiyn faaturesst thdnﬂmee@phhss emand fAudt al
fault clearing tinme, while mnimzing occurrences of false trips during a

hi gh- | auelrupRblsstem, the dpRlyeendvdste FOMGKingySb&mhwie s b hairnehChiapafide
protection ?s agpl i ed. [atggge] FIG 12 showg agfr rst :(Ip)l ustrati \k;ggexarrpl e of

the pr ec%ﬂg)tankdhvﬁg&‘}r]tﬂﬁl Iy &&H@g&éér %{l}weghﬁlﬁiss kGl eﬂzérQ‘%c){féhE@gﬁa dﬁﬁ

phase-t o- phase resi stan faul tec Wer Sys

P ogr e TTHy Eh AT Pt Syepk (T nl’é‘BHE{E§A%§hggq SR BBy 3

solid fault occurs on Feeder 1 from phase to ground, resulting |n severe
unbal adB&spicdZRE-CHREC FRAENGS W%}b@ th gagjo Pég]ﬁé{%?a%”@ d geronsrguencR ygltage
resulting in a high zero-sequence vol tage that exceeds a predeterm ned

vol tageiividbhllandéetm@slmﬂl aeroeseguencapprxitimatre(3) 2- z00-seqhanse 8baittENGES. 4a
and b, for exanple, which illustrate the relationship of voltages and

cur r entcdnipariborg aiosicin,d fdthasenphe faawhbwhoing FOGSId 10b atdidglermisi it alag@st
grounded t hree-phase power system The Feeder 1 fault current (2.04A) is

det er mpeduica ZBR- §eﬂ§eﬂc@%@§§t¥an@@ wihen Fserﬁ‘éi%lofo@t'ﬂet m@é:&h‘fe%%?o sotab & dufrent
accordance to the main fault test of FIGS b, would cause main trip

to be | t t e reat er
than tHa'f é’%fv?q%%r%%%@?tﬁ%gsﬁﬁrﬁ% gl “Lf’%l'éivzﬂ%r FrEUE R ARlk ff%ur rent
(2. 00A) rs Wi thin 209 t he Feeder, 1 faul.t curre FoIIovvrn t he
ogic. THEREN Wik 1108, coth TGENRs GeaHuACd s e fpii O (e (pedinde

2011/ 041356PCT/ US2010/ 050641 2.04 A for Feeder 1, 12 nmA for Feeder 2, 25 mA
for Feelgtrmmeddndesho smpllgsgrortheadipitiance é@tmmﬁp@r@th?dar@@%tewﬁ%@mlm ch,

if any, feeder line "X" is to be tripped. This results in Feeder 1 being

t ri ppedor wadthbranch loe fetdee cirt@e dedisidbdiyngvauld peetls tsinvbeor feeds grosatthat t han
the other feeder fault currents. [0057] Alternatively, in accordance with
the maiwoudld hped ©He deBn®ctddlt&isoBhie tHeheokddGa§t. 3Ph processor can be
programed to determ ne feeder fault i|Inpedance values Zo(X) by dividing a
nmeasur ed zer o-sequence voltage Vo with each of the individual feeder fault

cur r ent[904Q(Phe m¥ReHElt afd fhicLBRit Qfts Td'[k%uds@&“va)ﬂhdﬁé%reﬁc%ecgquGls' BED: caiSRUM N
a nmeasured zero-sequence voltage Vo of 100 volts, for exanple, the

G-C S- 3P I“I ral danc ach
of the FUSHLART PRShetDh ARG RGlE,R HEhr%sW %%fﬁaﬁ‘%ﬁ@%#’o%f :
8300 ohms; Zo(3) = 100V/0.025A = 4000 c{ns §4 ., = 100V/ 0. 319A = 310
ohms. THESS cganegion S4MIENEe ek T B BTTAY LB TSR G 9b woul d be
satisfied, which would cause logic 610 of FIG 1 Ib to trip only Feeder 1.
[0058] Another alternative is to calculate feeder fault admttances Yo(X)
i n accdPecEeRresent Heptigg & wpeqmlly advaptageqyaivhendle insiligon o Loudedor

zer o- sequence voltage Vo of 100 volts, the calculated fault adm ttances
woul d Heilasnd wldtioely: hiyo ¢diyent VG4t PhNstoE@rORT4 Srivh:a Igo( @)pedar®@e@amdlO0V =
0. 00012 mho; YO(3) = 0.025A/ 100V = 0.00025 nmho; and Z0(4) = 0.319A/ 100V =
0. 0031%authoan distottith bamande dfrth@the@ndiltapenwith réspgitGo 4bindlonfth&podér spotgind be

satisfied, which would simlarly cause logic 620 of FIG 11c to trip only
Feeder gdy the duration of the fault. The unbalance of the voltage with respect to ground can result in
ground current flow, in excess of the ground-fault protection set-points, through the

distributed capacitance of branch or feeder circuits that are not faulted. This spurious ground
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[0059] Note, if the Feeder 1 fault of the above exanple were a fault of

hi gh-resi stance, say a resistance of several thousand ohns, but resulting
in a faulwocorvE@miseabove the 5 mA tripping set point, tRETASAGOMS0641

t hr ee- phase vol tage unbal ance nay not be great enough to trigger the
zer 0- sequence, vol.tage detection, since the phase-tp-ground voltages woul d
hot be QHISHoIoNY ibyitendd | By ialancach ahesciarirai. valtpiss Istecttgr Pty the
transforners (current sensors) would operate WO '

2011/ 04¢BEBRCIS Is20aEdosbaant torihe heangh oafagder deruits| pramponselise-ag iseliitesh. The
GFCl S- 3Ph processor 24 would delay for up to 0.030 second to wait for a

zer 0 seguéducderswokilEdge matpal susggoemplacitandightieg balbase trassformoes, \eed Thee vottaget e
tripping Feeder 1 at 0.030+ second based on the fact that it is the highest

sensed HBakAY toTB@Ahd, Ucte, OF ‘@blo-def@erice8dRtSe,” TNEiredligVife S6RIAGY Onéles@id ption
is a preferred sequence of events for a very low level fault current where

the volaRass URAl Anees oak. WAHLRly, BEudR¥QLREncL 00RO d&RRES Aelhniques

illustrative exanple of the present “invention is now descri

connection with a sinulated | owvoltage, 480V _phase-to-phase,

ot @ R et FRGTE Bhnes Vi bingfiFiont Ry BOP RS 4R Fgroung. rpite,
which illustrates the relationship of voltages and currents during a solid
Phase AUCSHFEALVE-SGAMRTSE VOliRes iselpe areyenjdytingagrawddalbhase power system The
resul ting phase-to-ground voltages are severely unbal anced, thus again
triggering a zero-sequence voltage detection and the logic 200 of FIG 7.
Fur t her[004d Adianiagbgustl, th¢ argsent mesuians cat pratideesecuriy &l thd foaxsr tsysismFeeder
1 results in 2.4 kA of ground fault current on the main and Feeder 1 lines,

whi ch rshswhti® FHG.sataweat duingohighére ngpoitundd- faalts ttosg@oandigi.€ uthremgh teansf or mer
for the Main and Feeder 1. Typically, the zero-sequence voltage detection

and curth@ihndy 8NamPERE! whed lﬂﬁ@gys@&n Qf‘oﬂz‘tu%esV\iot lolnd@RRA Bl SREbRLY ulbAdkegecond
of the initiation of the ground fault. test for current transforner

Curati : Q0L - . : d t
satura dfog{rbarécd(% & aﬁwén? sé’r?sﬁx%?se%ﬁgft% té&@gre& @%edtﬁch{i‘@ ?ﬁ%}ctﬁﬁ!ﬁla@% 0

det ect saturation when processi rrent signa cative o
suggesti ve of ctual faul.t ndi tion, See . for exanple St 203 of, FI G
7988 e et EPY8 SiliRreng Dirbe gFS e L e Hav s ev o dfiage Fuad
sensor detects 26 mA fromthat feeder's capacitive ch@rging current. Both
sensed Wbakaneedcinpigaricantbrdwing the awgnEEaydnrongh 2 persgipy Body.t 1h GOEBL Soi nt
of 6 MA. Since both excessive zero-sequence voltage and current transforner
sat ur athiginleack goané dheld chgentFesmdessult |in tshecrGROl t8z3 RPhbdlayics andialsoatasca trip
of Feeder 1 only at 0.030+ second after the ground fault initiation. WO
2011/ 049668 TURR0ApSOMANt i Relsdbs ThaFdie designed to sense less than 0.006

ampere. The voltage unbalance detection feature can be combined with a current-transformer

saturation detector (current sensor output distortion detection algorithm) to compensate for

the magnetic saturation that may occur on a branch or feeder circuit ground-fault sensor (e.g.,

a zero-sequence current transformer) during high-level fault current to ground. This

combination would then give an affirmative and secure logic indication of which feeder

circuit is actually faulted to ground.

[0044] Zone-selective interlocking techniques as known in the art can also be applied to

provide a logic input to the “upstream” GFCIS-3Ph to identify that the ground fault has
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occurred on a “downstream” distribution panel or switchboard (with its own GFCIS-3Ph) and

accept an inhibit signal from that system.

[0045] As shown in FIG. 1, the processor 24 continuously monitors the current flow
condition (the magnitude of the fault signal) sensed by each GFCI unit to detect a fault and
makes a comparison of the sensor output (fault signal) of each GFCI unit to the sensor output
of each other unit to determine the location of a fault. Once the location of a fault is
determined, the faulted feeder circuit is interrupted and all other feeder circuits are inhibited

from tripping.

[0046] In accordance with the present invention, a computer processor (reference numeral 24
in FIG. 1) executes instructions to continuously monitor the main GFCI unit and each feeder
GFCI unit to determine when and where a fault has occurred, and in response thereto
interrupts the faulted circuit and inhibits tripping of the non—faulted circuits. Operation of the
processor 24 is shown generally by the logic flow charts depicted in FIGS. 6 and 7, which
show computer-implemented fault interrupting methods for ungrounded and solidly-
grounded/high-resistance grounded power systems, respectively. The methods 100 and 200,
as shown in FIGS. 6 and 7, are similar in all respects except for steps 108 and 208 involving
the main fault test. The method to be utilized would be determined by a selector switch or
other selection method that would be set to the specific type of grounding on the power

system on which the GFCIS-3Ph is applied.

[0047] The methods 100 and 200 include the steps of receiving signals indicative of main and
feeder faults, such as main and feeder voltages and currents, including one or more signals
indicative of an actual fault or of a voltage unbalance condition, step 102 or 202, and
determining whether a voltage unbalance condition exists, step 104 or 204. If the voltage

imbalance, for example in the form of a zero-sequence voltage, exceeds a predetermined
15
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value, then the controller 24 proceeds with a main fault test, step 108 or 208. For a 480V
system, a nominal zero-sequence voltage pickup value is within the range of approximately 2
to 100 volts, and would depend primarily on the instrument voltage transformer ratio, the
type of system grounding (e.g., solidly-grounded or high-resistance grounded), and the

severity of the ground-fault current.

[0048] The controller continues by executing a main bus fault test (i.e., a fault involving 12,
14, or 16 in FIG. 1), which can take the form of FIGS. 8a, 9a and 10a for ungrounded
systems, and FIGS. 8b, 9b and 10b for solidly-grounded/high-resistance grounded systems.
FIGS. 8a and b show examples of current magnitude comparison algorithms 300 and 350 for

ungrounded and solidly-grounded/high-resistance grounded, respectively.

[0049] In the case of an ungrounded system, if at any time, current sensed by the main unit
and current sensed by at least one feeder unit both exceed a predetermined fault current
threshold value (e.g., 5 mA), step 302, and if the current through the main unit is greater than
the current through the feeder by a predetermined margin (e.g., 5%), step 304, a
determination is made that a fault lies within the main circuit and a "trip" signal is sent to the
main GFCI unit to trip the main circuit breaker, step 112 of FIG. 6. This condition would
mean that the fault to ground is immediately downstream of the main CB's sensor, such as on
a panel's main bus bars, and the main switching device needs to be tripped. If a smaller fault
signal current (but still above the 5 mA "trip" threshold) is sensed on any of the feeder
circuits compared to what is sensed by the main, and if the sensed fault signal current in the
main is not at least 5% greater than that sensed in any feeder circuit, the main switching

device is inhibited from a trip, step 116.

[0050] The 5% margin allows fault signal current levels to be easily discriminated between

the main and feeder circuits' sensors, and is based principally upon results for the simulations
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on the "ungrounded" system. See for example Tables 3 and 6 of U.S. Patent No. 7,301,739.
It would apply for a normal configuration and number of feeder or branch circuits, i.c., a

main and at least two feeder or branch circuits.

[0051] For the solidly-grounded and high-resistance grounded power systems (or for that
matter, any impedance-grounded system), as depicted by the flow diagram of FIGS. 7 and 8b,
the main fault test 350 determine whether or not the ground-fault current or fault signal
sensed on any of the feeders is above a predetermined value, (e.g., 5 mA), step 352, and is
close in magnitude (nominally within +/- 10% to 20%) to the magnitude of the fault signal
current sensed in the main circuit, step 354. If the conditions of main fault test 350 are
satisfied, i.e., the “YES” branch of step 354, then inhibit main trip conditions are satisfied and
an inhibit main trip signal is sent to prevent tripping of the main circuit breaker, step 216 of
FIG. 7. Otherwise, if the decision block 354 is “NO”, then trip main conditions are satisfied
and a "trip" signal is sent to the main GFCI unit to trip the main circuit breaker, step 212 of

FI1G. 7.

[0052] Alternative embodiments of the main fault tests 400, 450, 500 and 550 of FIGS. 9a-b
and 10a-b can be implemented using zero-sequence impedance and zero-sequence admittance
comparison algorithms. FIGS. 9a and b corresponding to ungrounded and solidly-
grounded/high-resistance grounded systems, respectively, include steps 402, 404, 452 and
454 for determining the smallest measured zero-sequence (or “fault”) impedance, which is
the ratio of the measured zero-sequence voltage divided by the measured zero-sequence
current, comparing the main fault impedance and smallest feeder fault impedance to a
predetermined fault impedance threshold value (e.g., V/0.005 ohms), steps 402 and 452, and
comparing the main fault impedance to any of the feeder fault impedances to make sure the
main fault impedance is at least within a certain percentage (e.g., +/- 5% for ungrounded
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systems, +/- 10% to 20% for solidly-grounded/high-resistance grounded systems) of at least

one of the feeder fault impedances, steps 404 and 454.

[0053] FIGS. 10a and b corresponding to ungrounded and solidly-grounded/high-resistance
grounded systems, respectively, include steps 502, 504, 552 and 554 for determining the
largest measured zero-sequence (or “fault”) admittance, which is the ratio of the measured
zero-sequence current divided by the measured zero-sequence voltage, comparing the main
fault admittance and the largest feeder fault admittance to a predetermined fault admittance
threshold value (e.g., 0.005/V, mhos), steps 502 and 552, and comparing the main fault
impedance to any of the feeder fault impedances to make sure the main fault impedance is at
least within a certain percentage (e.g., /- 5% for ungrounded systems, +/- 10% to 20% for
solidly-grounded/high-resistance grounded systems) of at least one of the feeder fault

admittances, steps 504 and 554.

[0054] Referring again to FIGS. 6 and 7, if the current through the main unit is not within the
predetermined margin of the current through the feeder unit, e.g., the “YES” branches of
main fault tests 300, 350, 400, 450, 500, and 550, then a determination is made that the fault
resides outside the main circuit and an "inhibit" signal is sent to the main GFCI unit to inhibit
tripping of the main circuit, step 116 of FIG. 6 for ungrounded systems and step 216 of FIG.
7 high-resistance grounded systems. Each feeder unit's fault signal current also compared to
cach other feeder unit's fault signal current in accordance with a feeder fault test as shown by
step 118 in FIG. 6. for ungrounded systems, and step 218 in FIG. 7 for solidly-
grounded/high-resistance grounded systems. If, for example, it is found that the current
through any feeder unit “X” is materially greater than that of the other feeder units in
accordance with step 602 of feeder fault test 600 of FIG. 11a, then it is determined that the
fault resides in the circuit of feeder unit “X,” and a trip signal is sent to the GFCI unit of that
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circuit to trip its breaker. At the same time, inhibit signals are sent to all other feeder units to
inhibit their tripping. If on the other hand, no feeder unit's fault signal current is materially
greater than any feeder unit's fault signal current, it is determined that no fault resides among
the feeder circuits, and all feeder circuits are inhibited from tripping. FIGS. 11b and 11c
show similar feeder fault tests using zero-sequence impedance and zero-sequence admittance

comparisons.

[0055] Non-limiting advantages of the present invention include providing protection from
electrocution, preferably 0.006 to 0.030 ampere minimum pickup sensitivity in less than 0.1
second total fault clearing time, while minimizing occurrences of false trips during a high-

level fault on the three-phase power system where the GFCIS-3Ph protection is applied.

[0056] FIG. 12 shows a first illustrative example of the present invention in connection with
a simulated low-voltage, 480V phase-to-phase high-resistance grounded faulted power
system, which was performed using V-Harm™ (Power System Harmonics Simulation and
Analysis Program), by Cooper Power Systems (May 1988). As depicted in FIG. 12, a solid
fault occurs on Feeder 1 from phase to ground, resulting in severe unbalance of the three
phase voltages with respect to ground, thus resulting in a high zero-sequence voltage that
exceeds a predetermined voltage imbalance threshold, e.g., approximately 2-100 volts. See
FIGS. 4a and b, for example, which illustrate the relationship of voltages and currents during
a solid Phase A fault to ground on a high-resistance grounded three-phase power system. The
Feeder 1 fault current (2.04A) is determined to be the largest of the Feeder fault currents,
which in accordance to the main fault test of FIGS. 7 and 8b, would cause main trip to be
inhibited since both the main fault and Feeder 1 currents are greater than the fault current
threshold (5 mA in this case) the main fault current (2.00A) is within 20% of the Feeder 1
fault current. Following with the logic in FIG. 7 and 11a, each of the Feeder fault currents -
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2.04 A for Feeder 1, 12 mA for Feeder 2, 25 mA for Feeder 3, and 319 mA for Feeder 4 —
are compared to determined which, if any, feeder line “X” is to be tripped. This results in
Feeder 1 being tripped, without the other feeders being tripped, since it is greater than the

other feeder fault currents.

[0057] Alternatively, in accordance with the main trip test 450 of FIG. 9b, the GFCIS-3Ph
processor can be programmed to determine feeder fault impedance values Zo(X) by dividing
a measured zero-sequence voltage Vi, with each of the individual feeder fault currents Io(X),
where “X” is each of the individual feeder lines. Assuming a measured zero-sequence
voltage Vo of 100 volts, for example, the GFCIS-3Ph processor would compute the
following impedance values for each of the feeder lines: Zy(1) = 100V/2.04A = 49 ohms;
Zo(2) = 100V/0.012A = 8300 ohms; Zy(3) = 100V/0.025A = 4000 ohms; and Zy(4) =
100V/0.319A = 310 ohms. The Inhibit main trip condition of logic 450 of FIG. 9b would be

satisfied, which would cause logic 610 of FIG. 11b to trip only Feeder 1.

[0058] Another alternative is to calculate feeder fault admittances Yo(X) in accordance with
the logic of FIG. 10b. Again, assuming a measured zero-sequence voltage Vy of 100 volts,
the calculated fault admittances would be as follows: Yy(1) = 2.04A/100V = 0.0204 mho;
Yo(2) = 0.012A/100V = 0.00012 mho; Yo(3) = 0.025A/100V = 0.00025 mho; and Z(4) =
0.319A/100V = 0.00319 mho. Inhibit main trip condition of logic 450 of FIG. 9b would be

satisfied, which would similarly cause logic 620 of FIG. 11c to trip only Feeder 1.

[0059] Note, if the Feeder 1 fault of the above example were a fault of high-resistance, say a
resistance of several thousand ohms, but resulting in a fault current above the 5 mA tripping
set point, the sensed three-phase voltage unbalance may not be great enough to trigger the
zero-sequence voltage detection, since the phase-to-ground voltages would not be distorted

by the low-level fault current. All of the current transformers (current sensors) would operate
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in the unsaturated, linear sensing region. The GFCIS-3Ph processor 24 would delay for up to
0.030 second to wait for a zero sequence voltage input signal, and when none is received,
initiate tripping Feeder 1 at 0.030+ second based on the fact that it is the highest sensed
current magnitude of all the feeders. The above scenario description is a preferred sequence
of events for a very low level fault current where the voltage unbalance test would not be

invoked.

[0060] A scecond illustrative example of the present invention is now described in connection
with a simulated low-voltage, 480V phase-to-phase, solidly-grounded faulted power system.
See FIGS. 3a and b, for example, which illustrates the relationship of voltages and currents
during a solid Phase A fault to ground on a solidly-grounded three-phase power system. The
resulting phase-to-ground voltages are severely unbalanced, thus again triggering a zero-
sequence voltage detection and the logic 200 of FIG. 7. Further, as shown by simulation
results of Table 1, a solid fault on Feeder 1 results in 2.4 kA of ground fault current on the
main and Feeder 1 lines, which results in saturation of the ground-fault sensing current
transformer for the Main and Feeder 1. Typically, the zero-sequence voltage detection and
current transformer saturation occur within approximately 0.030 second of the initiation of
the ground fault. A test for current transformer saturation, for example using algorithms
known in the art, can be used to detect for saturation when processing current signals
indicative or suggestive of an actual fault condition. See for example Step 203 of FIG. 7.
Simultaneously, during the ground fault, the Feeder 4 ground-fault sensor detects 26 mA
from that feeder’s capacitive charging current. Both sensed ground currents (Feeder 1 and
Feeder 4) are above a trip set point of 6 mA. Since both excessive zero-sequence voltage and
current transformer saturation are detected for Feeder 1, the GFCIS-3Ph logic initiates a trip

of Feeder 1 only at 0.030+ second after the ground fault initiation.
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6 6 000 TABLE 1 - Summary Table of Fault Current (shaded bl ocks) and
Current Distribution for "Series Il" Case - systemw th no |oad on feeders
Sol i dl y- Gvoundeéd13580 Volt System  Ground-Fault at " Far PERQS2@/0f@seter s;

Main | Fdr1 |Fdr2 | Fdr 3 | Fdr 4
Phase-Ground Fault on
Main Bus
Solid ground fault 4 9 109
700 ohm ground fault 0 0 1
46,000 ohm ground fault 0 0 1
Phase-Ground Fault on
Feeder 1
Solid ground fault 1 2 26
700 ohm ground fault 0 0 1
46,000 ohm ground fault 0 0 0

TABLE 1 - Summary Table of Fault Current (shaded blocks) and Current
Distribution for “Series II” Case — system with no load on feeders

Solidly-Grounded 480 Volt System;

Ground-Fault at “Far End” of Feeders;

No Load on All Feeders;

Feeder 4 with 1.0 pF Surge Capacitor Connected on Far End to
Ground

(Current in milliamperes as sensed by a core-balance or differential
current transformer, unless shown otherwise)

[0061] As for the first example above for the high-resistance grounded system, impedance or
admittance determinations may be made using both zero-sequence voltage and zero-sequence
current quantities. An arbitrarily large value of current (for example, 100 amperes,
depending on the conditions where magnetic saturation of a current transformer would
certainly occur) may be assigned to the current transformer determined to be in a saturated

state in order to carry out this calculation algorithm.
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No Load on All Feeders; Feeder 4 wth 1.0itiF Surge Capacitor Connected on
Far End to Ground (Current in mllianperes as sensed by a core-bal ance or
di f f er entweal2otumidsat transformer, unless shown ot herw s@CT[UB0@Lj050881 f or t he
first exanple above for the high-resistance grounded system i npedance or

admtt erm nations nay be made using _both zero-sequence vol tage and
zer o- siﬁﬁ@ﬂ‘ﬁﬁc e Bnt bgq%nﬁaéiagg rDAG CREPR A rRF 3%1 ] AOOBRS (B it
(for exanple, 100 anperes, depending on the conditions where magnetic

sat ur atdxempkfy gmbgdieant of rthe PrsemenvaRsisindpissiosly nthpwaciaug merayecperalized gned
to the current transformer determned to be in a saturated state in order
t o car rfgshoart it HFIS. Cabowd. at inopachl goe) themgra®d ABdll /i0x irBptePEY£teiS2 0t 0/doS 64 1
[0062] FIG 13 is a block diagramrepresentation of the fundanent al

COMPONEb&esr 2N afk eRFibtahty irtdrRRd AR des O3 (H@eRELIMNto rdbéRRL indltsPaBY iBUSI Y
shown in a nore generalized fashion in FIG 1 above. In each case, the

gr Ound-(fséﬁﬂgfr I}Fnﬁoege%g %?J%élészﬁéfmlg%ﬂﬂ&l ees, ﬁurHlSé?Pcﬁ“sélﬁés Pt @O LARSIng Lt

i nterface devices Fto recelve inputs) and 25 (Sender |I/F to

send oyt S{tri t oget i th,a nu f GECl _Units as the G-Cl
it 9 B dsvier PRGN HG. 1 g oy S S SR Y S Bt
(GFS3) provides a neans. to sense the unbal anced ground-fault current that
f1ows iTRCAREC BN WrbARGed eroynd-dalt euireny theg tlowe de thecBrrgUer frug) qurreni3»  gpq
C (corresponding to a three- (or four-) wire three-phase system the

f our t h camymgbleedey candustare iy, d3iT ayd A (eemespahdiogneladhese- (o fewiswiradghreed n one
non-limting enbodi nent, the GFS may include a conventional w ndow (or

cor e- bghasceysteypeade turthenire béiagafcarmrt-cdnaig Saipfl c@rluator Odxstingt ulr @ 1 n
the case of a power system current unbal ance. In another non-limting

enbodi MRALImRE Fbadifvnt! B BES ARPLRGNIL ¥ ROnPEntOHEI RiidoSe b ffc-UEMh&E
(e.g., a Hall-effect device) that supplies an output current or voltage

si gnal , i i ] e I C i e t he
e bR R R A R CRRRH G et S p B SR (g
signal, or "fault signal" as defined herein, is_then .translated by a

” s SnderurRilanes S gh R gpr B neramesiRatt e, GFSag8Y 1110 GRoTGLATS O hat

i s conmuni cated through an appropriate nmeans of signal transm ssion (e.g.,
fi ber - opticat-whsiAptdgyice ¢c-godidt-eifect 3gyicebthahunpliet & eBiPus curFd oF velage
interface" 23. The processor 24 then executes the necessary | ogic,

descr i beghaprevecsnshy thetiostagtmons meawinet herent mageitatle foom ithehGBStip respohsa p"

(or "open") signal to the "circuit breaker"™ or contactor through the

pr ocess6hn snb4ende cutréit flodbin thé Eortdut@rN I THiINGIFIisignai, @h 8fauit Sighhlens idefimal at ed
by the processor "sender I/F"' unit 25 to the appropriate current, voltage,
or I ghferQHt RUhed BLAYEE] B rﬁe%ﬁ%&f’ iRl i @ b Qrrk 901¢agfel Be figRPt! C
or netallic conductors 40) to the circuit breaker's "receliver™ unit 41. WO
2011/ 041356RCT/ US2010/.050641 063] Also.in direct coupling.or

cormuni IO P PRAC R (et ol Be el el Ehbl i i Brevi ce
eference to FJGS.. 1 and 2a-¢ for sensin

60 as descri bed above W th ,FlL
so- cal |WdcoRaylG é@@éﬁt&)&%@ 19 A1 BIgeossY)r s “reesiverdBIarR & OTIE%@QGGSERI?%%Q an

unbal anced phase-to-ground voltage condition. [0064] Any current

i nt er r upen axccdtovithe neerssary dagicndescribyst prenuBlyoltadeterrinet wirateerghassad.cor cui t
conductors of the supply voltage source nmay be used as the illustrated

" ci r cuithhibiteak &trip” (@ur Yegeh) Rigaalr tupttherd ciewit dasakerly or n@intedeyr thudbughr ehenot
limted to: air-magnetic or vacuumcircuit breakers or notor circuit

pr ot ectRh&esscits’ “@hddraAPRIUDNT CORE @G OF $nhibielsighab isaihen RANEILAVHY BRI Rdcsley ces,
or electronically triggered fuses.

“sender I/F” unit 25 to the appropriate current, voltage, or light output through a means of
signal transmission (e.g., fiber-optic or metallic conductors 40) to the circuit breaker’s

“receiver” unit 41.
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[ 0065] The signal to the circuit breaker's receiver 41 may be used to
actuate a trip coil or a stored-energy trip-rel ease nechanism the

i nt erruptworrotfo4eisorent to a hold-in coil (e.g., as use@CTars2@oosmtnct or),
or may be in the formof a current or voltage to initiate or stop the
conduct i o] ower,. sem conduct or devices, or..a current or_valtage, output
Coel e BEn 1 Hiryeg RPN ¥ COMTHBIAH SIS HERPTORROT phes 4 §OLtHSpI y
any of the devices shown in FIG 13 may be derived from an external power
sour ce Wbalgnes defeetionr dgyiceupfppy dessaibed ragowr withpateranse to HIGS. Joindatsec d¢r t he
nonitored power systemitself, or energy derived fromload current flow

t hr oughsetdieg paeiled y Shagativd-8QG6jccAlvbhageh ot hezepr-egearicei nokagel’ odutigs dmeen
descri bed above in terns of particular enbodinents illustrated in the
sever alunbhighé@hale-ob@othi@vblRge cbidiMéd.! be appreci ated that ot her
configurations of conmponents and processing software may be utilized

W t hout departing fromthe spirit of the present invention. For exanple,
any sul [h@M]eAﬁﬁEﬁHéhft Sty deveRP@iM &anoiﬁlte@i%?{ LRd iRaapd ﬂhf‘e%ﬁc)}j’hfabé‘_gir&ﬁ'tt
current flow, "and responding to control inputs to inhibit and/or interrupt
a_ci rcyif gy be: ised, VIO 2051 041356PCT/ 1920401050044, OGTL, FULL permor e,
t he teéhnlques of "the %Vesen% i'nventi on hay be app1|e5 0 Ot Her “raurt
detecting schemes such as the Residual Current Deyices (RCD). enpl oyed

out si dé-BFIRFHERUNARSY {4ces Spdh lwﬁiﬂgcgy ALY Wﬁ%&tvléora@ﬂs&m%&to hyiem

nom nal pickup sensitivity of 30 mA but are |ikew se intended to prevent
vent ri culicait Wreghers patmaier Cirowt arotedterst pircel vatiwak compethsu ghlid-hetcRpDVES not
as susceptible to nuisance trips (fromthe individual feeder capacitive
char gi ngvichingekt s, duelcttoonitalyl teggerséfised.i ve pi ckup characteristics, it

wi |l be apparent that the useful ness of the present invention also applies
to the RCD for sensitive "let go" personnel protection and for sensitive

equi P06 MMHetsidna0fo tHeQR8it bibakeoy edceiveN@1 PhagSRNisell iy eetuhten tBYollerusef ul
at higher voltages of say 720 volts, for exanple, and possibly even up to

1000 v K ] 'Qﬁnﬁ' t p Lind £ @f
applicg%%g%%%%g$ﬁ%8ggg?gﬁ%a%ﬁﬁgﬁf?%%H%or pﬁ%g&&?ﬁ?ﬁ%ﬁ“Q§2F§33%§1et'i%?,
personnel ,wi t hout shaqck protection equi pnent uch .as insul.ating. rubber

o oves. i it 2phadpt s B Y 46 o henln Vo BB A Ak IPE I e
above, may al so be higher for wet conditions. Above 1000 volts, other neans
mi ght ﬁ@@%u%@né}#mowéae%w@@% VIS Qlrdr @FfEent AbYRERee r?@t%é?/efestr%%fYn
human tol erance (e.g., use of insulating barriers such as mat, gl oves,

f oot wedriggatiuses, Adihoughheotsdawnt the@ogrCioSupply anerdithgdevaetinbowgyn BIG.t e
present invention may still be used. [0069] Notw thstanding that the

pr esentmaynbeddrived floas ab eettrnd epevdrizedrcaloo serddrericerynsipply (httey patcapaeitor),
enbodi ments, it is anticipated that still other alterations, nodifications

and_apphé @a&é%_rb? the IndonRB8 AT VAR RSB itse &, bNOKRe s Hedile@drdh 16 c@fdnt Hoher
having read this disclosure. It is therefore intended that such disclosure

be consj i jve and not limting, and that the appended cl ains
be int§?%§g§g§l#%%?%%$%%e all such applications, alterations, nodifications

and enbodi nments as fall within the true spirit and scope of the invention.
VWHAT | IMED | S:. 1. A ground-fault, circuit-interrupter (GzCl) .system
For o JOPbHATR S, e eisaly ol M ik E¥nae B G ol Rt cbdridHa, e
main bus circuit having.a plurality of jindividual feeder circujts, the G-Cl
syst eme@mﬁ»&rm%r}tﬁg.usféate% i @@éewﬂé{%@@fd& SRMIRh Twikh laf‘eap@mﬂt%chth%ot%?re
power supply and the main bus circuit for detecting a voltage unbal ance
anong pleaSgerabéns ple cpoperentsuppl processing software may be utilized without departing

from the spirit of the present invention. For example, any suitable form of GFCI unit capable

of monitoring and reporting out current flow, and responding to control inputs to inhibit

and/or interrupt a circuit may be used.
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a plurality of GFCl units respectively associated with the main bus and
each one of the feeder circuits, each of the GFCl units being operative to
gener at e WoRaul/m1sbgnal corresponding to a fault conditiPem/uskelo0gis4an
associated main bus or feeder circuit ; and a processor in comunication

wWth t | t age unbal ance detection device and each, of the G-C| s for

moni tonﬁﬂéﬂt]{’r’@%\?’&l‘?rﬁggle&ﬁ et 4Rt et ingenieR) Bay R PRt et (bt theh @l ch o

the GCFlI units, and processor beln%jcapable of generating one or nore trip
i}

si gnal slctestipg sehomssgch as the Residial Cumrant Dpeisesd(R&D) emplpyechoyside ofiNasdy t aj n
predeterm ned rel ati onshi ps between the vol tage unbal ance and fault

si ghal sAm2rical Reclsgstiesuacd hrltivag someethal nglcr nohena ipickupecitbogssfal) mA
conpri ses executabl e program code for: determning when the actual fault

exi st s hasedikeiiR ifteal®l BfpréRat Valhiage Abiatian eemadickl6@fiAisRodk adas@mm ned
rel ationships among the fault signal generated by the GFCl unit in the main

bus ci rgylﬁcﬁng fdtead it t?dl&'%@'rﬁl m%:ﬁglfrtﬁl%se@th&% fnac "ﬂdszld&h%eq: fleapiidit 1 N

the fee circuits; det rnlnlng e fee er circulrts is

it R s R A A e S

fault thereby causing the actually faulted CIrCUIt or circuits to be
i nt er r UpeENCSHAbthgaeicat inygntan i‘l?ﬂh pppltes 4p drraRClofos spRsifayen det 2t Partdneleeder
circuits, which are not experiencing the actual fault, thereby causing
t hose muetettinn andcfotiansitive couipmientquptestions be i nhi bi t ed frominterruption. 3.
The system according to claim1, wherein the voltage unbal ance detection
devi ce detects a zero-sequence voltage.

[0068] Morcover, the present invention may be useful at higher voltages of say 720 volts, for

example, and possibly even up to 1000 volts and beyond. But there may be a practical upper
limit of application of the present invention for “unprotected” personnel (i.e., personnel
without shock protection equipment, such as insulating rubber gloves and the like). The
maximum current through the body, as calculated above, may also be higher for wet
conditions. Above 1000 volts, other means might need be employed to reduce the current
though the body to within human tolerance (e.g., use of insulating barriers such as mat,
gloves, footwear, etc.), but the sensitive GFCIS-3Ph sensing technology of the present

invention may still be used.

[0069] Notwithstanding that the present invention has been described above in terms of
alternative embodiments, it is anticipated that still other alterations, modifications and
applications will become apparent to those skilled in the art after having read this disclosure.
It is therefore intended that such disclosure be considered illustrative and not limiting, and
that the appended claims be interpreted to include all such applications, alterations,

modifications and embodiments as fall within the true spirit and scope of the invention.
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4. The system according to claim11, wherein the voltage unbal ance detection
devi ce detects a negative-sequence voltage. 5. The system according to
claiml, wbheodindiishe certain predeterm ned rel ati onshi pPCTaspI0sHs06ehe or
nore conparisons of current signals. 6. The systemaccording to claiml,

mherei%gggglgziéﬁgggﬁﬁgdeternined rel ati onshi ps conpri se one or nore
conpari es. 7. The systemaccording to clain11 wherein the
certain predet rnlne relati hi ps ¢ se. one o arls ns of
S ¢t ances. g8 SOUSREHE SRS e TR REu B oGS Ui
C|rCU|t-|nterrupt|on (GFC) of a polyphase power supply and a main bus

circuit coupl ednd hBREY Ry qigit gaymHchihsreiss dhampindus sHcy! g yhluralgnaf
plurality of feeder circuits, each of the feeder circuits also having a
GCFl uni t assodwadédﬂﬁhﬂpemnmh&tthFﬁﬁBh@@ncompﬁﬁsgng: monitoring a vol tage
unbal ance of the power supply system nonitoring fault signals generated by
the several GFCl units; and determ ning when an actual fault condition

exi sts based onvbhegesminlenef datdrtion dbviageouphdskib dinceovesidupry wad the main
predeterm ned rel ati onshi ps anong the fault signal generated by the G-Cl

unit in the nmabiks dusitdbr dastdtingnd olthge fitbaldncs ngoad phgeneitat powdysupple; GFCl
units in the feeder circuits.

a plurality of GFCI units respectively associated with the main bus and each one
of the feeder circuits, each of the GFCI units being operative to generate a fault
signal corresponding to a fault condition through an associated main bus or feeder

circuit ; and

a processor in communication with the voltage unbalance detection device and
cach of the GFCI units for monitoring the voltage unbalance and fault signals
generated by the each of the GCFI units, and processor being capable of
generating one or more trip signals corresponding to an actual fault based at least
in part on certain predetermined relationships between the voltage unbalance and

fault signals.

2. The system according to claim 1, wherein the processor comprises executable

program code for:

determining when the actual fault exists based on a state of the voltage
unbalance and certain predetermined relationships among the fault signal
generated by the GFCI unit in the main bus circuit and the fault signals

generated by each of the GFCI units in the feeder circuits;

determining which of the feeder circuits is experiencing the actual fault,
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9. The nmethod according to claim 14, further conprising: determ ning which
of the several circuits is experiencing an actual fault; generating a trip
signal fowotbha/m@tisdal |y faulted circuit; and transm tti RGTIUSROWOF@®B4EI gnal
to the GFCl unit in the actually faulted circuit thereby causing that
actually faulted circuit to he interr ed.. 10. .The net had according to
claim 14, furt hergeBSTHB%%Fr%ﬁlg@aéﬁ%ﬁlﬁt' BHECTIHEPECSPARTBE {0 L GRAPS f or
one or nmore of the remaining circuits; and transmtting an inhibit signal
to one or nore ofMeIGEirgHEy cxpaiiensing the hetupldpalt Hicrpycnsdng the actweleBipliedusi ng
those circuits to be inhibited frominterruption. 11. The met hod according
to claimi14, wheraicnitbheiraetsttabaimeragetdand ned rel ati onshi ps conpri se one
or nore conparisons of current signals. 12. The nmethod according to claim
14, wherein the certain predeterm ned rel ati onships conprise one or nore
conpari sons of i rgeedancgsn inhdit sigrel hed hoothiadsr of therfgedeo cicdisnwhidh awheatei n
the certain predeterm ned rel ationships conprise one or nore conparisons of
adm ttances. experiencing the actual fault, thereby causing those non-faulted circuit or

circuits to be inhibited from interruption.

3. The system according to claim 1, wherein the voltage unbalance detection device
detects a zero-sequence voltage.

4. The system according to claim 1, wherein the voltage unbalance detection device
detects a negative-sequence voltage.

5. The system according to claim 1, wherein the certain predetermined relationships
comprise one or more comparisons of current signals.

6. The system according to claim 1, wherein the certain predetermined relationships
comprise one or more comparisons of impedances.

7. The system according to claim 1, wherein the certain predetermined relationships
comprise one or more comparisons of admittances.

8. A computer-implemented method for ground-fault circuit-interruption (GFCI) of a
polyphase power supply and a main bus circuit coupled thereto, the main bus
system having a GFCI unit and plurality of feeder circuits, each of the feeder
circuits also having a GCFI unit associated therewith, the method comprising:
monitoring a voltage unbalance of the power supply system;
monitoring fault signals generated by the several GFCI units; and
determining when an actual fault condition exists based on the state of the voltage

unbalance and certain predetermined relationships among the fault signal
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generated by the GFCI unit in the main bus circuit and the fault signals generated
by the GFCI units in the feeder circuits.

9. The method according to claim 14, further comprising:
determining which of the several circuits is experiencing an actual fault;

generating a trip signal for the actually faulted circuit; and

transmitting the trip signal to the GFCI unit in the actually faulted circuit thereby
causing that actually faulted circuit to be interrupted.

10. The method according to claim 14, further comprising:
generating one or more inhibit signals for one or more of the remaining circuits;
and
transmitting an inhibit signal to one or more of the GFCI units of the remaining
circuits thereby causing those circuits to be inhibited from interruption.

11. The method according to claim 14, wherein the certain predetermined
relationships comprise one or more comparisons of current signals.

12. The method according to claim 14, wherein the certain predetermined
relationships comprise one or more comparisons of impedances.

13. The method according to claim 14, wherein the certain predetermined

relationships comprise one or more comparisons of admittances.
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