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abirract - <Charge comparlson Ex a new

transmlsslon line protecEion system. It s & form of
current differéntial relaying, Charge comparisen
largely resolves the tradicionsl problems of gurrenc
differentlal relaylng of trarsmiszion lines:
procectlon i lost 4f chanmel falls, largs channel
capaclcy reguisred and precisa channel delay
compansacison  required This nev cechrlque [s
sultable for che protection of tvo - or chree-terminal
ac ctransmlisslon limez, of all lengths and vealtage
lavals, with or withsur serles ar shunt compensacien,
with thies-pole or single-pole cyipping

] - Gharge comparisen, <Current
differential relaying., Tramsmisslon llne protection,
Digical relaying.

Hobe - At the clee of the writing of chis paper,
che develepment plamsing far three-tersinal 1llnae
protectlion and single-pole cripping has been done, buc
the actual hardware and sofcware designs of chese
functlons have nee bBeen pocomplisked. Thetafore, any
carments in chis paper regarding chese functions are
pately concepcual .

AETROCUCTION

A maw trangmission lime digital preteccian
systen, including relaying and cosmumicacionsz, has
beren developed This syscem, called charge
eemparison, 1s based an the primciple of conservacion
of ehatge. This paper will describe che relaying
concapts of charge comparison. h related paper
deseribas the communleations concepts [1].

Vs C

Since charge corparisen is a fore of current
differéncial relaying, fc §p useful co review, in very
general tegms, the relative strengchs/weaknesses of
curtrent differential eelaying of transmission lines,
vhen compared wich che more  ctradiciopal mechod of
communicacions « baeed protectien of fransmlaslen
Uimes: directional ceaparison schemes using discance
felays and direscional overcurrent relavs.

Meadeantapes of Curpent Differgncinal Relaving
Ciieical

l. Froteceion losc §f chapmel fails,

. High-capacity ehanmel required, particularly
Ll anch phase Ls precected meparacely,

Y. Praciae channel delay compeneation rTequlesd
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Lass Crizical

U. [oes not provide faulc.locacimg.

5. Cannet seewe asx ac voltage Temcte for daca
scqulsicion {since relaying operates from
surfent - omly),

&, Dees not provide rencEe bur
delayed backup.

F. Does not trlp For unetabhle swings.

E. Difficult to apply en tappad lines,

fault time-

The chree sritical disadvintages have beesn
decisive faccers in Ehe tradictonal evarwhaloming
prafarence for the directicnal coeparison schesas [2].
Thi erCheg disadvancages  hawve been relatively less
imporcant, Cof the folloving reasans:

Fumbers &. amd 5. relace ce secondacy fumctions,
not the primery function which is fawlt protection.

Hunber &. E2 often noc sigsificant since many
folay engineers prefer local baskep for bus faulk
pratection [J1]. .

Fumber 7. 1s actwally more an advaneage than a
disadvantage for cuttent differencial talaying.
Increasingly, relay enginsers prefer lahsrant blockimg
of the line fault precection durlmg awings, with
voltage-angle-concrolled breaker cTipplag at aslected
lecatlens, uaing woltage phass comparison jaj., R/R-dok
13], or ocher technmigues char are independent of tha
fault sensing ralaye.

Hich regard £o Humber ., tapped lines can
eEtén he provecced by currenc differential relayimg,
vich veduced phase/ground sensiciviey, These lines
can &lso present limite to distance:based schenss.

ddvantages of Curgsnt Differencial Felaving

Im  the other hand, there are rurecous Telaclve
advantages of current diffsrantial relayimg
{particularly if the protecciom ie onm a per-phass
bagis} when compared to the discancs-Based schemes:

% ot subject to the cransient response prebless
assuciated with capacitive wolcage transformers [6].

* Kot sublect to blown potentinl fuse problens,

% Cere-volrage faults nmot a problem.

#  Het subjesc ko the relaying voltage problems
assacisted with shert lines with high sources
lmpedance-ratios: small relaying potential cauzlng
peor signal-to-nobse ratio [7].

* Hat subject ce lervarescnamce prablems which By
eeéur with potencial cransformers |8],

#  Het affected by line-side potencial providing
spurieus woltage to relaye protecting s deemerglzed
lina, «ith coupling to & parallel snergized lime.

*  Umaffected by volbtage inwersicoms associaced witch
series compensated Linas [9).

* Per-phase current differaneial protecclan
operates correctly for sinple-pole tripping schemes,
particularly during che diffiewle double-cirealc
flashover condicdion [10] and during the single-
phasing interval.

#  Unaffected by serles ispedance unbalancs [dus to
unequal pole operatlions, unmequal gap flashing on
s#xles compensaced lines, erc.) causing misepacation
of directiomal owercurrent groend relays [11].

*  Eeecugley during curremt ravergsls dus e
sequentlial clearing of paraliel line faults net a
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prablam, For pec-phass schemes, this lsplies high
speed cripping (without Ehe current Teversal securicy
delay assoclaced with digsetional cosparison schemss)
for evolving faules,

% The per-phase scheme, including separate
resldual eurrent differsntial.  Thandles outfesd
comdlieions on twe-cerminal lines, dus te high
roalacance greund faulcs with heavy through lnad,

* Corcectly crips for Eha L[atérnal Facle with
gutfand &t ope cerminal chat may occur on chree-
torminal llmes [12].

 Unaffected by 1lnfeed on three-terminal Lines
causing change Lo effective ceach of distancs relays
[II.I. UpafFecced by mutual ipducclon from parallel
Ilnes causing loss of directionalicy of zero-sequence
polarized ground dlreccional relays and change of
gffeccive reack af ground distasnce celays,

- inhagencly prn'\.rl.-dua. stub-bus proteactlan,
without zegulelng disconnect switeh &uxillary comCast
contral [13]. .

# Ipherently bBlocks durlmg swing
alloving woltage-angle-concrolled
preselected Llocatlons.

condicions,
sepacation ag

LE35

EULAR DTAGRAM ANALYSTS OF
CUBSENT D[FFERENTIAL RELAYING

In order to reselwe the thres erlclesl disad-
vanceges of current differential relaying of trans.
mlsalon lines, a general analyele ef chis ferm of
relaying should flret he mada. The palar diagram
is a useful tool for thls purpose, Consider a bwe-
cerminal line, with ehe local current taken as the
refarence phaser, Arbicrarily assume thac O cur-
rent polnte scraight down on the polar diagram. with
eanventlonal (counterclockwlse]} phaszs rocacien.
Further. asmue that the local relefence current is
always at 0¥, The remere current (e phasor sun
pf remoba currencsa, Lo the case of thres-ter=minal
limnaa) is chen plotced for various power ayscas
cspdlolonsg. Figures 1 shows the remste currant,
prisr to Eranszlesion cwver ths communicaclans chan-
nel {i.s,, without &ny errers Chat say be lncroduced
by tha channall.

Ic Ls emphasized chat Flgures 1l.d amd L.s
(high resistance growund fault. with outfesd dus co
load currentd apply only ko per-phase curesnt dEf-
ferential scheses, Single-phaze composlie quanticy

#* Upaffecced by the short-line problesas of schemes, wusing sumnation translofoers oF Sequence
diatarze Eelays due to magnifled are realacamse and netwarks, produce compoaibs veltages chat combice
groucnd faulc resistance relactlve e line irped
[L&].

* The per-phase current differentlal echenmss L = L] £ Ia
ioherancly phase-identify all faalts, allewing chres-
phase fault reclose blocking and other phase-
ldenclfication-related functiens, swch as contral of
dual breaker fallure timers [(fast timer for wsalil-
phase faults). Fhisus

% Slpultanecus hlgh-spead celpplag of all raladen
terminale, aven for high reslscance ground faulcs epear e
aerang Cerminal vhere the weak cterminal sees
lEitrLl':Eil.:l.l}' ne fault current ac all (due ce infeed Figure 1.8 Through curren, nominal condsons i)
effect at strong terminal), wntil the strong cerminal
trips. P————

& Can colerate lncreased Line loading withou®
affeccling relaylng characteristics or requiring relay
seccing changes.

Summary of [leadvantapes and Advancsges

Excapt fof tha threa crlcleal disadvancages
ig 1l claar char eurrent differencial has more
relaclve srremprChe than weaknesses. The remainder of
this paper wlll address the resoluciom of chese three
crleical problen areas of ecurrent differencial
relaying of tfanamlealon lines.

USE OF ACCURATE TIHE-OF- DAY CLOCKS

The third sritlcal disadvancags of current
diffnrentinl protectlon of tranemiaslen llmes has been
dafired as cha reoquiresant for preclse channel delay
compensaclon. Ope relacively simple solution te this
problem would be accurace J{dub-mlllisecond) timm-af-
day clock tilme-tags at each cermimal. Satelllce
communications, Elber oprles, or other means ceould
previde these sccurate time-tags, which would be
trananletad bBetusan terminals along with ths eufrenr
Informaclen, Thia would enable exact Elme marching o
datarmlne dlfference current [1S].

Afcar raview, the t[rp:--u-f-ﬂ.u:r appfanch wad raled
out [a the development of the new Telay syscen.
Femacna:

® In the pear Furure, acewrabi Clme-of-day sources
will noc be awallable ac all subscaclons wheres the new
reloy system would be considered for line protectiaon

# [Evem when these cimimg sources are universally
avallabkle, the reliability of pretestion uwsing Elme-
stampr would ba dependent en the satellits, ar ocher,
commenlcablons ar ssch statlon. In addition Eo che Bl-
dirsctional cemsunications becwsen scations

Flgusrs L b Thicusgh cument, including iolerances due to line
chaiging current, CT einaes, AT ConasTie quantizing s, elc.
{nat including ey sligdiaoed by communications channed)
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prablam, For pec-phase schesmes, this Lmplies high
speed cripping (without che current reversal securicy
delay assoclaced with digsetional cosparison schemes)
for evolving faults,

% The per-phase scheme, including separate
resgldunl eurrent differential. handles sutfeed
condielens on twe-cerminal limes, due ke high
roalacance ground faults with heavy through load,

* Corcectly crips for Eha lacérmal Facle with
gutfeand ar ome cerminal chat may oceur on chree-
termlnal 1lnes [13].

w  Unaffecced by infeed on three-terminal lLines
causing chenge Ln effective ceach of distance relays
[II-I- OpafFecced by outual irducclon from parallel
Ilnes causing lass of directionalicy of zero-sequence
polarized ground direccional celays and change of
gffeccive reach of ground distance celays,

- inhagancly prq:lvl.-l:luu. stub-bus protectlan,
without regulElng disconnect switeh suxiliary eonCast
eontral [1X]. >

* Ipherencly blecks during swing conditiens,
allowing wvoltage-angle-concrolled separation ax
preselected locatlons.

LE35

EULAR DIAGBAH ANALYSIS OF
CUBSENT DOFFEREMTIAL RELAYING

In order to resalwe Ehe threa crlelesl disad-
vanceges of current diffesential relaying of trans.
mlsalon lines, a general analyele ef chis ferm of
relaying should flret he mada. The palar diagram
is a useful teol for thls purpose, Consider a Ewe-
cerminal line, wleh ehe local current cakem as tha
reference phaser, Arblcrarily assume thac 07 cur-
rent polncs scralght down on the polar diagram. with
eanventlonal (counterclockwlse]} phaszs roacacien.
Further. assume that tha local relafenca current ls
always at 0%, The Famalé cUETERC [&F Fl‘ll.lﬂ"l.' L8 ]
ef tremoba currencs, Lo the case of three-ter=minal
lisaa} 1s chen plotced for varlous powst ayscem
cspdlclons. Figure 1 shows the remste currant,
prior Eo eransmleslon cver the communicablams chan-
nel {i.s,, without &y errers Chat say be incroduced
by the channall.

It Ls emphasized chat Flgures l.d amd L.s
[high resistance growund fault. with outfesd dus co
load currentd apply only ko per-phase curesnt dEf-
ferential scheses., Single-phaze composlis quanticy

@ Upaffecced by the short-line probless of schemes, wusing sumpation translofoers oF Sequence
distamee relays due to magnifled afe vealacamce and retwarks, produce cosponiis veltages chat combice
ground faulc resistamce reladlve o line ispedance
[1&].

% The per-phase current diffecentlal echenmss L & L] £ Ia
leherencly phase-identify all faults, allowing chees-
phase fault recleose blecking and other phase-
ldenclflecation-related functieons, swch as contral of ":]
dual breaker fallure timsrs [(East timer for salbi-
phase faults). Fhrus

* Slpultameoue high-spead eelpplag of all ralsten
terninale, aven for hBigh resiscance ground Faulcs pear
aerang Cermlmal vhere the weak cerminal sees Phgure 1.8 Thgugh cummnt, neminal condisions I »
essentially ne fault current at all {due ce infeed ua : i)
effect at strong terminal}., wantil the strong terminal
trips. ——

# Cann colerate increased Lime loading withou® L Ik P viraton
affecelng relaylng characteristics or requiring relay — Y A=y

seccing changes.

Supmery of Dieadvantages and Advantapes

Except for tha threa crlcleal dlssdvancages |
i 1z claar chat eurrenc differencial has more
relatlve srrenpChe chan weaknesses. The remainder of
this papar wlll address the resoluciom of these three
cricical problen areas of current differential
relaying of transmleslon lines.

USE OF ACCUBATE TIME-OF-DAY CLOCES

The third sritlcal disadvantage ol current
differentinl protectlon of tranemiaslen llimes has beemn
dallred as Eha raquifesent For preclse channsl dalay
compensaclon. Ooe relaclvely simple solutlon to this
probles would be accuracte {dub-mlllisecond) time-of-
day clock cime-cags ac each cermimal.  Satellice
communications, Eiber opries, or other means could
provide these sccurace time-cags, which would be
trananletsd betwesn terminals along with the currenc
Infaymaclen, This weald esnable exact tElme marehing oo
datarmlne difference current [15].

Afrar Faview, the tir.l:--u-f-d.u:r appioach Wad raled
aat Ia the development of the new Felay syacen.
Femmeni:

*  In the pear Future, accurate Clme-of-day sources
will noc be avallable ac all subscacions whers the new
relay system would be considered for lime preocection,

# [Even when these ciming sources are universally
avallable, the rellability of protection uwsing Elmn-
stampr would ke depesdent on the satellite, af ocher,
communlcatlons ar sach statlon. In addizion Eo che Bl-
dirsctional communications becwsen scations

Flgusrs LI Thicesgh cument, including inlerances due to line
chaiging current, CT eiors, AT onwarier quaniizing 7o, elc.
inat including ey immduced by communicaiens channed]
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the effeccs of high resistance fault currencs and
load currents st varlable sangles with respecec ca
each ather. This ks because the load currenc effecr
La always rvafafenced £o the same phase, while cha
faulc euerant affect sdepends on which phass [s
faulced. This makes Flgures 1.d and l.&¢ sessclmas
incerrect for chese composlts quantity schemes. O
the other hand, che high: lmpedance pround faulc owrs
rent, which is alwsys resiscance-limited, is essen-
cially in-phase or ouc.of:phass with ths load cur-
rent on the faulted phase. This sccounts for the
spproximately co-linear relaclomship betwesn I; and
lg In Flgures 1.4 ard 1.w.

Flgure 1 shows che remoCe curfents prior to
cranemisslen ever rChe cesmunleatliens chanrel Thie
channel Llncfoduces posslble #crrers in the remote
curEent, &d percelved by Che Falay st Ehe local ska-
clen. Thiese arEdfs are =oscly In phase angle, not
Eagml cwdie, Thia 18 Bécauwse Che communlcabkions
chanmel transfer fumetion of magnltuds terds Eoc he
quice accurace for both FH and Algital cosmunlecs-
tlons. Om che other hand, the cransfes Functlen af
phase sngle depends om che accuraey of charmal dalay

compensactien. Far example. Flgure I illuscraces cha
effect of improper channel delay compensation on tha
perceived remoce curremt, feor the through currenc
condicion (load, escernmal fault or system swing) of

Flgure 1.a.
Paciai ‘Im{'/mlﬂ,thlmnl
delay overcampensated l dulay underon mpensais
I

Figure I, Through curen! weth moodredl channel dalay comperaaben

Corventionasl Curremc Diffarentis]l Eelays

The deslign approsch for comvenclomal eeegent &1f-
feremclal ralays for cransmission lima pratection
has been to eoulate the performance of cha eeadi-
tienal current diffecencial relays chat Bave hesn
used for apparatus (peneratorscransferesr/bus/esEer)
protection, as 1lluderated In Figure 3. Phen
protecting transmisslen limes, communications cham-
nels {pllet wirs/microwave/Fiber optles/ete.) res
place cthe current transformer (CT} secomdary cables
for che purpose of delivering the remcte current in-
formar o,

I Ik
— ———

C—{ memhenee |5

lor Wc? < op
li.

—_
&, &%
[L4] R2

Flgure 3. Tradoonal gumen dillerential nalay boe apparstus protecton

T

L

The operace curfent of Flgure ) 1s the phasor
sum of the lesal and femnte currents. Restraint
colls RL and RZ (R2 s cptlomal) provide increased
TesCralne &s  the cufrent levels get bigger.  This
provides securlcy fn the face of unequal current
transformer ssturscion amd incorrect chamnel delay
compensaclen, boch ef which are errers which im-
CTRdse af curfent levels becoms higher.

In erder te wssulate the proven AppaE&CuE
provectlon circulc of Figure 3, corvenclonal curEent
differential relays for lire protection must crams-
mit complete ceplicas of the current phasors
imagnituds and phaze angle} bacwesn cerminals. This
has yLelded the comventlonal polar dlagren testralng
olrole characceriscie of Flgure 4. This chaFaceafls-
tlo results directly from the ciroult of Figure 3,

If the remote curresc plots within che eleele
af Figure 4, the relay restrains. If che rescce
surfent plets cutslde ches cizcle, che relay
apsfaber, For Eramsmissiom Lloe applications, this
comventional restraint circle hax always presenced a
dilesmac

* Te telerate che effecc of line charging curs
rant and rtelay system errors, particularly due te
ircerrect chanmel delay compensation ax illustraced
im Flgure I, the restraint elrele sheuld be large




to prevent fales tripplng dusing through-current
eonditcions,

+ Ta provide geod geneltlwlty For imternal
faulrs with cutfeed {zee Flgures 1.4, L.e and 1.1},
the gesbgalnr circle showld be Emall,

Because of chis dileaza, alvefnative tech-

niques rhould ke conesidered.

H‘ LT
RESTRAST
Ll

L1

;

TS

Flgure 5. Fhase comparaon

Flgure 4. Polar dugrsm operabng
aperabing chaescber i

char acterais, tradiicnsl
guingn] dillgvemial relay

1£57

#*  The response of the relay 1a che abhaded cfeglon
iz dometines corpect and sometimEs inCcoTTecT.
Femore currencs that plot inslde the Eop nf ehe ring
are cectainly excermal faslts (or chreugh currescs
due Cx lead er awinga) and gorrectly seetraim
Remcte ourrents chat ploc Inside che botcem of che
elng cleoagly aye dus ta [nternal fasults, and there-

fore incorrectly restralm.

Flgurs 6. Magnilusde companson, cperating chanacieislic

Fhase Comparisan

Cne alsermative would be phase comparlison. WhiEm
ﬁ-luzhd on & polar disgram,. che traditlonal phasze
copparlaen scheme (small magnicude square wavse
threshoeld and 90° celocldence Ehreabeld) has &
characcerlstie per Flgure 5. IEf the remoce curcent
plats In the wpward diFesctlon, the relay FedCralna.
If the remote current plocs devnward, the relsy
tripE.

Convenclenal phase comparlsom has good
tolerance feor improper channel delay conpensation,
but canmat handla che cutfesd condiciens of Flgures
1.4, L.e and 1.£. Also, since phase comparison does
ot fmapend Co magnliuvds, e canmet Llotreduce moce
magnituds restraint st higher ourremcs to COUNtET
tha &ffeet of umequal CT sacuraclon, Alaa, phase
compariscon heae Erouble handling weakszero infesd
esnditions, wvhesse high [reguencles can “"poke heles®
im the square weves being transmicted,

Hoce - Phase corparlsomn wlch offaeae  keylag
proavides partlal improvesent for the abowe condi-
clomns |9].

Hagnitude Compacinen

Sirce phare comparlisom has cercaln screngshe
apd weakmesses, Le ls sppropolate Eo alxo exanloe
magnitude comparison, which 15 the =leror lmage of
phase compaclion. Thie schems genses curcrenE mag-
nltuds differences only ampd Ll blind te any phase
angle differences (cha exact oppeslse of phase
compaslaan] . The polar disgram characteristic l=
shewn In Flgure 6.

If tha resats current pleta In the shaded aras
inside the ring, cthe celay restralns. All othar
ataas produce Eripping. Seas chpervationa regarding
Flgure b:

* The response of the relay im Ehe unshaded
afeas ls EoEally correcc. The restralmc rimg is
made wide enough Co pravide a securlcy margin to ac-
counkt faf any magnicude diffafences dus Ea llna
chargimg current and magnitude errers im the protec-
tlon syetem (CT's, auxilissy ©T'm. analog-to-digleal
CORVEFCErs, abc,]. For high euwurrencs, where
unequal CT performance any ocour, the ring would bae
guch wlder to provide securicy.

Since there 1s amblguity abeour the performance
al tha magnltudes ccooparison relay for remote cur-
rents chat plec inside the elng, a furcher chiarva-
clon I8 mow aade about these cordlbtlons;

* Remote CuTrent, pricf te comsunicationa chan-
fml transmisslon, that plets im the ring betwesn the
top and bocton regloms fapmol exiat. {Sem Flgeca 73,

|,|||| THEGUGH CURSENT

"l'.'ur'i"'l CAMHGT ERdT

— IMERRAMKL FALLT

Flgurs F. Magritude companson, mmals furienls gres b
ommunicaiiond channel fransmucn

Some condltlons reagarding the abowve
chidarvation;

* This scavesent applles only Eo per-phase our-
rent differential relays. sinece che gffecrive cezcts
current far compoxlts quanticy echeames can plec im
the in-becween reglem for some high resistance
ground faules,

*  Internal faults during systen swings can plot
in the In-betwsen reglom, dependlng wpen penetator
angle difference. Hors abouz thils later.

Te prove that remote currencs carmoct plot in
tha ir-betvesn reglon, & detalled stody was made.
The study ahcws only ope ogase, ocher chan the inter-
aal fault during & syscem swing, that violsves chis
tule: & cranzmiesion eysten with 90 of pmore sscles
compansation and an inceensl high resistamce grownd
foslt. 5imés safles compensaclomn abowe sboue 0L is
not waed, this excepclonal case was Tuled out &F wne
realiscie.

Earcwlved RenoTe CUECents

Flgures 1 and 7 phow Temore currents prior e
cormunicacions cransslssion. As previeusly dis-

cussed {zee Fig. ), Incorrest  cheomel delay com-
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penaatlon Introduces an angular shift im the per-
coived femete currents (sec Figure H).

The ldeal relay system would treat che per-
colwed thiough curremt replon the same as actual
through current. Simllarly, the perceiwved Lnternal
fault reglon should be treaced che same as an astual
Ilnternal fault. The borders becween through currenc
and Intermal fault are the heavy horizemcal lines of
Flgure 8.

P11 RIRCEIVED
111 TERDUGH CUSRENS

FERCEIVED
PR T Fell FRLAT

Flgurs B. Percewed renale currenls in the egual magnstude #ing

Il

sdamplEge foe
[T

e

Flgure 10. Rarsow v fonventonal ool

Since Ehe lowsr half of tha rimg 1a creaced
as a trip (l.e., loeernal faule) regien, it may be
perged wlith the unshaded (trlpd reglen of che mag-
nltads comparlson relay (Flg. &). This results iIn
the ldeal ralnbov-shaped polar diagram cheracteris-
tie shown im Figare 9.

RESTRAMNT
HEGION oF |

I %
F‘.’l 5. ieal pelar dagram dharadlensiig
Hote - As previously scaced, the characteris-

gl of Figure 9 may cause Fallure ve erip for In-
ternal faults durlng ayacem awing conditions. Trip
attenpts durimg thess wide angle conditlons could
damage the clreult breakss. sc thiz Fallure to crip
iz aotuslly desirable. TIn chils case, eripping would
ooour when Ehe genetators swing further to become
more ln-phase.

The salnbow characcteriscle of Figure ¥ eszen-
tlally solves Dleadwantage 03 of currest Jdifferen-
Eial relaving of transmission limes, s=imnce 1t
tolerates lmproper channel delay compensation (wup to
4 & me) without misoperaciom, for excermel and im-
cernal Faults. The rainbow characteriscic also im-
proves the sensicivity durlng outfeed conditlons
(high resistance grourd faults wizh chrough lnad and
three-terminal lime fauwlts with oucfeed} This im-
provemant in sensitcivicy as well af securlty, when
compared wlth the comvenclonal clrele eharasteris-
tle, s 1llustrated in Figure LO.

OPERATIOM OF CHARGE COMPARTSOH

The rainbov-shape has boen ahawn Ba ba Che
ldeal polar diagram characteriscle, Az will now he
demonstraced, chargs ceapaflasan provides thls
characcerlscie, (The baslc cperation of charge com-
parlson hai been patented [L6].)

Te perfofm charge comparlson, Ehe current wave
af asch phage and fesldeal 1a saspled eweery 107 =4,
The half-cycle ares undey each wave 1s measured by
integrating current sanples becween zerg-crossings.
Far sach phase and ground, the resulcing ampese-
second ares (l.e. coulombs of charge) I= stored In
local memory, along sith. pelarity and stare/Einish
time-tags. This stossge coperatlen occurs only 4
the magnitude ezceeds 0.5 srpere ¢Bs equivalent and
the half-cycle pulee width iz equal ce & ®s or moTe.

Bote - Hagnituds 1s sctuslly edasured im terms
of ampere - seconda (i.e,. couleabs). However, all
valuegr are conveifbEed Lo amparéd EES lq\.li."l.llTI.t.
based on a perfecc 60 He ailee wawe, without offset.
Curfent walues in this papsr are secondary currents,
bazed on cucrent teanaformers raced 5 ampere.

Every positive (pegative for Jlo) magnitude is
alge brfansmitted to the remote terminal, alomg wich
phase ldentification and some timing informacion re-
laced ce pulse width and queuing time (if any} at
the tranamltclng termimal. When the message 1s
recelved &t che remots terminal, 1t is immediately
assigned a receélved time-bag. & tlme interval is
then subtracted frem the received tlms-tag. This
Interval represents the ehansel delsy compenzation
{which does mot have e be preclasly squal to the
actual channel delay timse) ard eghe ciming informa-
tiom contained in che recaived oescage, The ad-
Justed recelved time-tag {afree subteactlon) s Ehen
coampared with che locsl scarc &nd Tinish tlme-tags,
lesking for a "nest”, paf Flgufe 11 [shown for anm
external faulch.

Errrein “""’""__.l'"' Artunl chanrl
,.-"'J sy B Y T
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Laial duremr 1
I
I
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djurted rergdyeed
lirrg bng

Flgurs M. Operaven of chargs (ompanson, extennal fault

e ——

A opmst la schieved when the sdjusted recelved
Elme-tag la greatss tham the lecal stare time-cag
ard smaller than cthe local finish tlee-tag, for &
glven half-eyele stared Lln memoTy.



When the neskting operatien ls asuccempful | the
local and remote current magnicudes J{actaally
chazges converted Lo aguivalent eurrenca) ave chen
addad to create Che scalar sum (sum of absolute
magnitudes) and arlchmecic sun (absolute magnicwde
af che sum of cthe signed magnitwdes). The scalar
swn becomes Cha effectlive Festiaint nuantity ard the
orithmetic suwm beoomes thi &ffeztive operate quan-
tley, par the blas eharacrerbstic shews In Figare
12.

| BiAS LEVEL

[TRIF}

1||u1llu-.||-.ur'E
[ 11 1]]
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——
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Flgure 12. Bias characterstic of changs oompaihan
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provides & Fainbhow polar diagram characcerbiscle.
Farthesmore, charge comparison zequires minimal com.
runications chanmrel capacity, since a single message
iz amnt snce par cycle, per phase. & 7.2 kbps
medam, suicvable for Eransmission over an analog
walee cilreculs, provideaz the necesepary chanmel
:hrw&hwt far chazge corparison af all thres phasa
currents and residual current. 1R CONCTASC, COMVENRs
ciomal current differential schemes must replicate
che entire current jphasar, which tequires a wide-
band chammel capacity [or pot phase protecElan,

The blas level 1s an operate thresheld which
provides securlcy in the presence of spurious
cpeEala eurrent due to line charging current, eur-
rant cransformer mismacch, analeg-to-digital conver-
slon guantizing srcers, =tc, A= shown im Figure 13,
the bias level rimes sharply after che scalar sum
reaches & high wvalue. This prowides security for
anequal CT sacuracion durimg high ocurrent axternal
Faults. At lowsr currents,. the kBlag lewal hae =
slight wupestd slope. Thirs Eaker cafe of Che rala-
tively miner non-comsunicaticna-relaved arrers thac
increass with cureent leval, &uch ad CT ratle &r-
TOTHE.

The operaclng characterisclec of charge com-
pariasn, when plocted om & polar diagras. iz in faer
che idesal rainbow-shaps of Figase 9. Rulferring Co
Flgure 11, if the adjustsd gecelved Clme-Cag DESCS
with a local megative half-ecyele, chis is equivalent
te the upper half of Figure ¥#. If the adjusted
received time-tag measts with a local poaicive half-
ml"- then the aritheetic sum and scalar sum are
equal Eo mach other, which deseribes a 37 line on
Ehe biazx characteriscie (well above the bias
chresheld Foar all eurrent values, except very
emall). This is equivalent to the lower half of
Flgure 9.

The blas level of charge comparisen is sig-
nlfleantly more sensitiwe than that of cenventional
ecurrent differential relays for line preotection,
per Flpurs 13, The conventicnal selay Teguirss a
sr..du..]_lir increasing hiax to cake care of increaslng
spurlouse opagate curfent lor & Elven assumed eETOT
in charmal delay cospensaclon (che bilggest single
seurce of spurlows operate curcent]. In contrast,
charge comparison introduces noe additienal
communlcatlone - related error, at all, as Ehs cur-
fenta pet bigper for & gplven sfroer in charmel delay
campaniation, Fuetheemore, fof a given magnicwde of
chEcugh eurcent, ™ operale erfor cufrent is lncro-
duced, ot all, for Increaslng chanmel delay conpen-
satlon error {up to +4ms, ac which polnt a cotal
relay nisoperation oceurs - typleal of & digital
systen). The dims misoperating threshold for charge
conparison 18 almeat thries (3] times Eha 41.5ns
{approximately +30%) mlsoperating threshold which
iz typleal of cormventional current differential
gchemas (with clrcular polar disgram characteristic
of Figura 4).

Emsel¥ing Twe of the {ritical Dissdvantapes of Cug-
pant Rifferenclal Protsctlon

As shown, cha charge cemparlison technigue

Bimy lrval
eanventlaral

t e ditlerential -‘ﬂ. e

——

_—"_._-

DIFFEREMTLAL CLRRENT

[. —me SCALGR SUM

Figursa 13, Bias leval, charge compansan vi.
censrianal cureni cifigreniial

In sunmary. charge comparizon essencially
avercones the Zrd and led critical dissdvancages of
parrent diffesential mcheamers: chanrel capaeélcy and
chanrel delay compenaatlan

Iheoretical Basis of Charpe Comparison

Chatpe cosparisen ia based en the primciple aof
conservacion of charge acr a mode. Thii ls alse cha
principle from which Kirchhoff's Current Law [(cha
ctheoreticsl basis of current differemcial relayimg)
iz derived,

dubvacan Slde-Effects of Chagps Cosparison, ond How
chey are Resalved

#lthough charge compariscon largely eovercomes
the Fnd and 3Ird oriltical disadvantages of currestc
differencial selayimg, it intcoduces some side-
effece problems of lts own:

i Inherencly slow, sinee mudt walt far a zera-
cressing at the finish ef the poslitive half-eyela of
phase current (nogatiee for residual) before crana-
mitting charge informaction co che remece cerminal,

*  Totally dependent on zZero-crossinga, and
requires at least Gms half-cyele pulse wideh, This
means the scheme is unable to crip for corcupeed
{high-frequency) currents ot ok termlnal, which may
accur for some weakfzerse feed slcuscions, per Flgure
L4, eaken from Bef. |L7].

Fault

Pre-Enuid arrend Hilgh
/m tregraency
_ .d-i-\.u U T Y

(Hpr OO H)

Flgnire 34, rilemal ] sath seakfzeny infeed

*  Hust walt a wvery lemg cime (therefore, very
alow) £f am dntermal faulc with fully offsek curcent
Have occugs near a generatlng statlen amd doss ook
experlonce any zero-crossings for several eyeles,
per Flgura 1%, caken from Ref. |EA].
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| protectien may ba enabled vhenever the channel
Small suliiransiani falls, but chis Lz considered co ba relacively im-

rRRCIRAGE Eiwi i
Htwn—hmﬂlm I effestive pretectien, partlicularly when compared ta
J"rlnl" .,.-'"“‘-_ the non-plloe distanee relay backup which is In-

herent wich the direcclonal comparison schemas,

ﬁuﬂ Tn order to overcome this problem, chafge com-
parison provides protection during charmal fellure
Flgure 45, nlerul Tl delased rero-croyerg by multiple techniquas, Including charmmal Eedendancy
and losg-of-load procection an cvarwiew of those
techniquas i provided balew, Here detalls about
L] An extermal Facle could prodisce & CUrTent wavrs chanmel redundancy are prowided In Bef. [L1].
whilelh has & double excersion which barely crosses
Ehe zerc-anls &t one cermimal and just fails to CHANMEL BACKUF . TWO-TEEHIMAL LIHES
cross the zerc sxis at the cthey tefminal (par
Flgure 16). This could cause & falas TElp. Ginple Channel Configurntion
This inwolves a =lngle &-wire bi-directional
camunlcations channel {wolee, wide-bard digltal ar
fiber). If the channel is lost in both dicecclons,
| then a bullt-in overcurrent baskup ayacez 1s the
Remcts currend ',,/-“'"_“\\\ only protection awallable. This comslscs of high-

pet owercurrent relave., losssofslowd and switch-
inta-fault circules, If the d-wire {(or 2-fiber)
Jl.l:l'l:l:'l::l'itl channal can be sepagaced [n such a way chat che ouk-
Eesir bals geing and pefurn charmalsa are ususlly moc subject ko
coamon mode [aflluyes, ches loss of chammel in just
ame direcElon wlll allew charge comparison clearing
it dalls

uumum —_— At anm terminal and seguenclal clearing at the other
*"- coarminal by less-of«load, provided there is pre-

j faule lead ecurrent and the fault is not three-phase.
Locsd n-u'rl-t
Lesa-ef-Lland

This 1s an old technique that has recencly
Figura 16. Double excurion secunty prablem been revived [13]. Loss-of-load senses The Lnter-

ruptlon of lead cutrent on Che wnlfeulted phase{s)
due to che clearing of che remoce breaker. £or all

Charge comparison addeesses thess alde-afiser internal faults ewxcept three-phase. Loss-ef-laad,

problens as follaws; plur a zone-2 elmer, ales providas a securs and

4  Esch phase currenc and 1lo are compared senaieive datecelon for  open-conduester eondiclons
aspazataly, Phais cursencs ere cEansmitced for posi- that secur when the line is earrying load.

tive half-eyeles, only. Residual currenc is crans-

micced for negacive half-eyeles, only. This pual-chanmel Confipuration

provides protection on every half-cycle for all In-

ternal faults [19]. For those appllcaclons where an occaalenmal
= Chazge comparidon Includea a "UHSE" {ultra- outage of tha chanmel, im both dirsctions, =may be
high-speed] crip elrealt chat has priorlicy incerrupc enpected (example: mlerowave fading due co weather),
any cime the local current exceeds 124 peak for more the dual-channel wersion of charge comparison is
chan Ims. This allews the relay to reach a trip suggested. This involves dual transceivers ac esch
decigfen in as liccle as Sms for wide-band applica- terminal and twe separate compunications links with
clons (fiber optics or 36kbps digital) or about léms diverse routing. The charmel in Gse (& auscsapl-
far wolee grade channel applicaclons. The aceual eally switched, approximately once peg day, Co
trip salgnal c©o che breaker requlres anocher ams for verlfy Integeiey, I che channel in uae goes Llaco a
aparation of a sulcl-concact crip auxiliary relay. squeleh (lons-of-chanmel) cendiclon, che swivehever
*  Charge comparison includes a “weak-feed” olr- ooeurs lemadlscaly, The swicchover deas Eaf oecur
cult cthat operaces any tlime the local currenmt is during fault eepdiclems, im order e give che cutgo-
less than L1.3A rms, regardless of [requency or phase ing signal om che channel in use che best chance to
angle, amd the received magnlcwde from the reoote get through to the renote cermimal.
terminal is &A, or greater.
*  The UHE clrcult,previcusly described, solves GHAKHEL BAGEUF. THEEE-TERHIEAL LIKES
the Ffull:offsst-withoub-zero-creseinge problem,
zinca chis comdlclom enly occura fight near a major Charge comparison for chree-cerminal lines imn-
genefaCor and cherefore always Inwalvea high carreng valves Eakally sepagate transmicters/recelwers
well above the L2ZA pesk level of che UHS elrealr, ta/fram both femots Eerminals, per Flguee 17,
* Charge comparlison imcludes am inhiblc elreule Ehauld the bBL-dlracclonal chanmel fall (In hoth
chat prevents false trips during the deuble- direcrions) becween L ard B, rtha charge compatleen
prcursion cendltlon, 1f this clroult detects a relay at M remains intact and cam senzs all [ncernal
deopplng current Chat [alls te croas zaro, it blocks faults. A= soon as a Erip signal Ls develeped at M,
erlppling. direct trip messages {wicthout causlmng reclose
blacklng) are sent [rom H to both remore scacloms.
BOLVIKG THE FIRST DISAONARTAGE OF CUSRENT In susaaty, the thres delta-cormected, com-
ELEFERERTIAL RELAYIHG placaly [ndapandenc TE/RX elreules allow the cheas
bi-dicecclonal chamnels (LYR, L/H and H/R of Figure
At The scart of chls paper, the firet critical 17} ea affescively back each other wp. OF csurse,
preblen of ewerent differential selaying of Erans- this i& enly walid if the threes channels are
slidlon lipeda wvas deseribad aa: Tetal less ol adagquataly jtP]r.ttd te prevent & oREST - mode

precection whenever che channel faile, Overeurcent fallures,
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Figure 17. Charge compardan, thieg-demmanal lines
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The charge comparison system inoorporates o
flun-cancellation auxlllary cutrent tranzfarser
whleh allews & small ELromn core cransformer Co
provide lsolatlion ard linear tramsformatlon, even In
che presence of full de offsec and excremaly loeng
L/R time conscant. The awxilisry curremt trans-
former Ilneludes & mulcl-cuen Cest windlng that al-
lows testing uwelng pre-recordsd wavsforms and & low.
ocurrent playvbask amplifler.

The breaker trip circuit is monicored by &
selid-scace d¢ current sendé elrvewit, based an do
smaturatlon aof s magnetic core. This provides I[n-
dicacion and seal-1ln fer Che bfeaker trip circule.

EOHELUE TN

Charge seomparison lacgely resolvwes the three
paln problem areas of ecurrent differential relaying
of transmissfiens lines. Therefore, charge com-
parlsen offaras a vlable alternative Eo diztance-
based direcclonal comparison schemes for many Crans-
slaalen Line appllcaticns,
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Dhiscussion

DOUGLAS C. DAWSON, (Southern California Edison Co
Fosemead, California); [would like 10 congratulate the authors
on an excellently prepared paper and also on their boldness in
investigating the limits of a concept that "obviously won’t work,”
like magnitude comparison. The mumercus lgures and their
supporting text show the fine effors which the authors have

made to clearly explain their new line relaving concepl.

Each protection enginger who reads this paper will probably
develop his own viewpoint as 10 how ihis new contept works.
My own approach is 1o see it as phase-and-magnitude
comparison. The phase information is corvered by the time-1ags
and the magnitude information by the time-integral values of
the current. The range of phase values for restradnt is #5407
similar to many of the earlier US. phase comparison systems.
The magnitude information allows for iripping during internal
faults eharacterized by outfeed al one terminal. The
cambdnation of the two criteria is the rainbow shape which is
similar, ai bow outfeed lewels, 1o phase comparison with offset
keying. However, charge comparson has the advaniage that the
threshold  Bevels are dymamic, because of the resiraind
characteristic, instead of the fised thresholds characterisie of

offsel keying,
Range of Remole Phase Positions

The reporied study on the practical range of remote current
phase positions is of particular interest. This subject has been
the fopic of much dispussion in the past for phase-comparisen
systems, where it is substantially affected by the charging
capacitance of the lines under through-faul: conditions, Recent
UL5. practice has been to provide a restraint region of about
1657 (3 mS) for both segregated and mixed phase-comparisen
systems. This & a change from prior U5, systems which used £
9, British engineers seem to favor a resiraint sector of 2 30
40F, with offset modulation thresholds which give the effect of
a larger restraint reglon al low currents.

These practices seem to be in reasonable sgreement with the
approximately 25 shown for through-fault currents in Figure
7 of the paper. Conversely, the charge-comparison relay iself
has a restraining range of :9F, Though this is clearly of benefit
in talerating channel delay compensation errors, it leads one 10
wonder whether there are any imernal faults for which the relay
might fail o trip because of this larger restraint range. The
suthors conclude, based on their study, that such eurrents
cannot exist excepl for unrealistic conditions, It would be
helpful in accepting this conclusion if the authors would
indicate the sssumptions and parameter ranges used in this
study. In particular, it would be helpful to know the rangs of
source-to-line impedances studied, the maximum phase angle
between sources, and whether parallel lines and open-conductor
faults were included. Also, concerning series campensation, are
the 705% and 90% values given as a percentage of the line
impedanee ar of the total impedance between saurces? While
it is true that lines are seldom compensated in excess of 70955,
the capacitor bank reactances are ofien considerably Larger than
the impedance of the source biehind them which can produce
reverse current for @ high resistance fault, depending on the
fault location.

Lerm-sequence Comparison

Concern has aften been expressed about phase comparison or
current  differential schemes using zero-sequence current

B4}

without some pther supervising function, The psential protiem
is that eTranecus & oulputs during through faulis not involving
ground {phase-to-phase or three-phase foulis) eould capse
misoperation of the protection, Since the measured residual
currents, if any, during such faults are emirely error currenis,
the currents ai the two ends have no definite relationship and
might be of such magnilude and phase as 1o cause tripping, My
COmpany’s experience with zero-sequence phase comparison s
not shawn this 1o be a practieal problem. an least on HY and
EHVY lines. It might be a more serious concern oa
subiransmission lines where through-faclt currents may be
higher, the quality of the CT's not as pood, and fawlis not
imvolving ground more common. [ would appreciate the authars'
assessment of this potential problem for the charge-comparison
scheme. Would it be practical o add restraint o the zero-
sefuencs comparisen when the measured phase corrent levels
are high?

LUHS Trip

The description of the UHS (ultra-high-speed) irip feature
BEES G0 Suggest that it is simply an instantaneus overcurrent
function. Such a function would not be satisfactory for many
applications on shorter lines. Could the authors clarify how the
UHS irip works? Is it applicable to threeterminal lines?

Tapped Loads

The authors correctly point out that it difficuli 1o apply current
differential with tapped loads on the protecied line. However,
many practical applications are possible by de-sensitizing the
protection such that it cannot see a load-side fault on the
tapped transformer, but can still see all line fauls. The same
should be true for charge.comparison protection, provvided that
the sensitivity level is adjustable. The paper indicates only that
the pickup level s 05 ampere. Il would seem that an
adjustment for this value would enhance the applicability of the
new relay.

Hanugeript received Fabruary 10, 1993,

H. G. Forley snd G. J. Morgas, [Public Service Electric & Gas Co,
Mewark, M1 We would like to congratulate the suthars for & well-
wrilten paper on a new ard viable concept o current differemizal
relaying for line prodection. As described in the paper and a rebsied
pRper conceining the communications aspect [1), the chargs codpari-
3on cancept 15 unique and does address some of the disadvaniages of
traditicnal current differeniial relaying.

A disadvantage of current differential relaying, that is not addreaed
in the paper, concorns protection of o erminal lines with large
tepped loads. 11 is becoming mereasingly difficult 1o vpErabe poaer
syslemns with clean mwo or three-lerminal transmissios lmes and lines
with large tapped loads sre becoming mare prevalend, The sEnsiiviry
of current dilferential relaying is such that coardination & difficult and
fow side faulis at the tapped losd will, in mosl cases, resull i 4 lass of
the line. Local clearing at the Lapped load i desirable and loss of ghe
associated line should be svoided where possible, Mumeross sehemes
have been used 1o minimize transmission line outages where current
differential relaying is applied 1o lines having large tapped loads, High
%1 fault detectors, time delsy, distance relay supervision, and de-
creased sensiiivity are some of the methods thai have been wsed, All
of which reduce the effectiveness of ke current differential relaying
schesme. The awthors comments on this concern would e Ereatly
appreciated. In particular with respect 1o the application of charge
camparman current dillerential relaying concepts.

foregeing comments are ned imlended Lo detract from the
concepts presented in this excellent paper bul, io emphasize the
elecing wiility congerm with protection of \ransmission lines havirg
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large tappud laasds, in p;lln:uLlr whese currend differential relaying is
1o b apphied.

Reference

[t] Marman P Allrect, William . Fleck, Benneth J. Fodero. and
Rabert J. Ince, “Charge Comparison Protection af TransmEsn
Lines— Commmunizations Conceps” IEEE-92%W M2 10-5FWRL.

Manuscript feceived Febauary 6, 1992

1. G. Andrichak, G, E Alexander, M. G. Adwmisk, and K. . Palter
soi, IGE Meter and Control, Mabtern, PAL The authoss are 1o (£
congratulated on a clever we of digilal communal #ins in he imtegra
tion o & new currenl differential technigoe, The discussers sk the
guathars 1o commeni on the Fallowing aspects of their paper:

In deseribing the diawhacks of Phase Comparison melaying. the
authirs descrive "high reguencies” as “paking hodex™ in 1k Lransmal-
1ed square waves. Could the authors ¢laborateon the rangs al "high
freqeencies” o which they were peferring & well as the relatonship to
the magnilude of cummesl aherein “holes” would be formed. This
pppears w0 he addressed in ihe charge compansan techniquee by
descmsitizing the relwy as indicated on page 5.

Cowld the suthom comment an the performange of their nelay
under seveie saturalion as causcd by |arge cross feed currents as may
be found in & breaker and a hall scheme whent the ratic of CT cross
[eed currend Lo line relay current may be as much &8 10 e 1 {see
Figure 1) Properly designed Directional Comparison schemes. will
provide backing fos this case.

In their paper. (k¢ outhors reference (ke paper “Wlica 500 KV
Frodection” by M. J. Lefrancois and indicaie ikl hall-gvcle prolecion
i oblainshle for all imernal faslis. The scheme described im the
reference chiained high speed operation by wsing dual gyslems=ore
that compared phase on (ke positive hall cycle and one thal campared
phase an ke negative half cpcles, Coubd the suthors expand oo their
waristsan of this techaigue as well as the ¢/fect on operaLing lime ared
aiher performance Eactors far single phise trippéng applicatiang.

[1 is noi chear "o the paper how CT ssiuratan and cher distor-
tians in Uhe relay currents can be successfully distimguisked to prevent
false trippeng while not compromisieg speed and dependability on
jmiernal Eaults, For example. on page 7 ike nuthors siwie 1t &0
imhibit circuit i inclsded to prevent fakse tripping on the “double
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excursion condition™ of Figare 16, How will ihe relay respond il this
“fpahle excursion” is actually an internal evalving [aisli?

The simple system of Fagure 2 is used to demonstrate several phase
to grousd faulis for varkous load ard fault impedance conditions. The
resullng afdl 78D SCQUENCE CuTTEnls Ans shown in Figure 3,
Mole that im order to appesr similar to the figeres the authors
paper, phise A currenl 81 the lell (14 L] has been chasen ms the
reference and & always protted verically.

In ihe frst paragraph oa page 3, the suthors siate that “the high
impedarse groumd Tawll carrent, which is aiways pesistive limited, is
essentially m-phase or cal-of-phase with the load corrent an the
faubted phase.” Case 5, 30 ohm fault resistance and 7.5 ampere band
current sheaws this 10 be the case. However, Cases 3 & 4, with high
load and Jower faull resistance show hal the amgle betwesn the
gurrents &1 ihe ling ends i highly variable, as is the reladive EEgni-
tudes of the two currents. I [acl. the plots of the carrents far theso
fwr cases seesns o contradici the aalbors. claims relative D Figure 7
45 they appear to ploi in ihe area kibeied “canmat exisl™ Since the
authors did mot ieckode any scaling on their fgwres, this can not b
confirmed. Wokd 1k authors care to expand on their figures 10
imchade appropriate scaling? We would also appeeciate the authors
commenis on the expeeted performance af their praposed relay tar
the conditions of Cases 3, 4, & 5. Mote ihai for Case 5, b zeEro
sequence currend At bath ends s relately small. Wikl the relay be
sensitive enaugh 1o respond bo high resistance fawlts from saurced
sich as trees and fires under power lines wien the phase CurFEnis Are

cut ol phase?



A Aposiodny, (Ruw oak State Eleciric & Gas Corp, Hanghamilon,
Mew Yorkk The asithors state thal they have developed o new trans.:
miiien hine priection lechmigue saitable Tor protection of s aml
Uhree-teemenal Fines of all engibs and vellape levels. The descnipoion
af e charge comparisen princeple seands like an application of
current differential relaving *llh-_h currenl moasarement  bechviue
irms walue calcwlatmon bascd On InSIEMIOAcous vlucs mecasurenen |
wsed o maiy degital currend trarsducers It woudd be uselul 10 hiave
the mmbisrs comment on the folloeing guesisons:

Wi i the effecl of OT saturation and harmonics on ihe selay
1,||,1|:|—.,|1i|;|n—[-|,r1 exnample al the saturnved hﬂlr-i"_n'cﬁ:' pailEe i Jess than &

kgl [

: '\\_
L 1|

Hew daes the relny operate for the faule shown in Fig. 1.f al the
paper *

0 ihe relay & applicd at 2 short line close 10 a drong source, where
high speed clearing & required, how will the UHS unit distinguish
betwern an inlermal and extermal Tault?

Wil the authors describe the algorithm used for coulombs cplegla-
tion and etalombs (o ampenss rms conversion?

W_]. Cheetham [GEC Abeiom Prowcuon & Comrol L, Seaffaed, England) -

™

*CHARGE COMPARISON PROTECTION OF TRAMNSMISSION
LINES—RELAYING COSNCEPTS Leoviaed J Emin, Walier L. Mim
amirnt, Dhrevd M. (oo, Semes 5. Thom

*CHARGE COMPARISON PROTECTION OF TRAMSMISSION
LINES—COMMUNICATIONS CONCEPTE, Nonman P Albeechr,
W iivam O Flock, Kenaedy . Fodeeo, Robeer I Trce

I wish o comgratalate tbe awthors on prodecing mwo very well
writlen papers. | would like 190 make o lew commenis on the Measwre-
ments and Communications aspects of 1 new relay.

Folar Diaprams

The paper compares the cperating and siabillicy pesformans: of the
“Charge Comparisan Predection” with ‘Conventional Carrent Diifer-
cntial” projection.

I Tound it difficult to make any meaninglul comparisons as scales
arg nol engleded om any of the diagrams

T pive an exsmple, reproducing Fig. 10 in the papes (see Fig. 1k

Far carventional cursent differential schemes A = 054, 8 = 1.5,

What are the correspondisg salues for the Charge Comparisoa
Frolection?

In s thearetically possible 10 reduce ihe convemsonal rolay charac.
teristie 10 1he small circle. This is prabably noi possibe Tor slahility
reasons bl the podind i5, the diagram does nol mean & ol withaow
SCALES.

Sensilivity

Except Tor high revistance fawles, fault current, m general, will ot
bex im phase with Load Cureent,

As shown on Fig. 2, for ihe condalion: assumed ihe cosventional
current differenlial relay has greater sensativily.

Although the Charge Comparison Proteclion probahbly has preater
imsili'«'ilx for HR famlts, are these nol eovénsd by the 2ern Sequence
Elememi

I this |s e, why compromise the phase faull selmgs?

Stability

Turning 1o the aspect of siabilaly, it would be interesiing 10 have
mare delails an how the zero sequenss element & stabilized

I presume thiz element iz o Bassed Elemesn and if so what s ihe
Rias Cranmiiny, the phase fawlt current or the residual current?

IF the residual current i wsed this could lead w siability problems
wheon used with dilferent cursent transformers with different satura-
Dion eharactensiees. What lesis have been carmed oual o prove 5T,
BILITY?

To overcome some of e basic problems associaed w@b gap
measarcment, the protection {8 pronaded with o number of athes
clements, particularly 8 "UHS element sel &l 2.5 rated current.

Thi= appears 1o be a simple O,/C relsy (nos-biased ), ils only criferia
for eporation being that the current must exceed the seting for 2 ms.

If thas s eorreel, does it nol invalidate the hias charsoieristlos shivan
in Fig. 12 above 2.5 s-ratcd current?

Communication Chanmel

Regarding the use of different communsation chanmcls, on reading
the papers il docs seem that some compramises have been made in
the design pdopred 1o ensure cperation on ¥F analogue channels,

If enly & %6 kB digital chanmel was adopeed then | feel thal 3 bener
overall solutson cogld have been achicved,

As stated im the paper, 8 namber of ‘Additional’ elemenis have besn
meorporated into the design 1o overcome the shorifalls of the hasic
measusement principle adopied arles dalfercnl aperaling conditions

My cwn experience is that the mare independent features that are
prosided the mere diflicult the coordination between the dilferent
clements become.

Coukd the authors indicate whetber 1hey comsider the use of Fourier
Filters which, of course, filier the DO comsponent and higher frequen.
cies and also provide the Phase Information of the Cwrrenl Vecior,
This technigee woukl seem 1o overcome all the problems epcountered
hy the use of Zero Crossings as identificd in the paper,

Fimally. | wauld saggest that the transfer of full Yecior lalarmation
s gasenbial o achicve pratecison of three-cnded lines under all conds.
nons of load Mew and sysiem conlipursison,

Manusoripa recerved Fehruary 7. 1952,

. . Bockefeller, | Rockelellor Assnciaie, Ime, Maeris Flains, 311 The
authors dewserihe i their coimfanion pEpCTS O well-comoeved, mnrswn-
tve design comcept. | use ibe wornd “toncepl,” since they did not
FEQUNFL O any syslom Eosts.
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A kuey Eoalure s ils ausilahility Tor 77091 husl chasnels. A comparable
futldilfcremtial devipn reguires o 6 kB channcl. here th term “ull
diflerential” cimnles the transmission of mapnitwde information oo
a wide dlynamic ranpe, What is the hil size ol the A poeverier?
Wihat happens il an il agours?

The desipn is dosgribed 2 diginal, bat the 1crm "ppicrepincosnrT s
pot wsed, except i relation e the modem. Are multiple Processors
wsetd aml i sivowhint is the divicion o work?

Waisld the authors prowide the sealing for Figs. 12 el 13 il the
Reluying Concepds paped™ Page &, col. | of this sane paper soems (o
isply That Fig. 12 rarslanms precasely o the rainbow shape of Fig 9.
lhey are fal conviegng thal this s precizely s, it appesrs that a
piiniwee-fike shape s prodweces. Note that Figs. 4 1o 101 invishee the
plhase of fesicdual currends al the Twe sLatEns: 1l ard Ir; whereas, Fig.
12 ddepicts the relations between the sealar and arithmets sums of 11
and Ir. Morepser, the Fig. 12 characteristic is ma linesat,

While ihe hatsl concepl SeEme inherently sound, some afl the
ancillary foalures fep., wenk-feed Iogic) bear scrufisy via sysiem
pesting. Would the authors expand thpir description of (he weak-leed
Jupic: in particular is nesting requircd? I= it =euare during energization
al o long line™ What is the cutofl frequency af the anti-aliasing filer?

Wanshd the authisrs expand (heir description of (ke LIHS losgic?

Fig. 13 shess gqualitatively an increased sensilvity, This increase
may make the scheme yulnerahle 10 operatios dee 1o dismimilar ¢l
saturation during energization of a Hrge power rransformer extornal
the line. by wirtare of a proiracied offset cursent compancnd il a I
cursent Ievel Tave the authars established amy ci selection criteria”

Waisld the autlars capnnd their description af 1kcir “Mlun-cancela
tion™ auxiliar ¢1s and their inp-cireult sensing device.

Aarvawcript recoived arvaary I1 1991

W. A. Elmere and R. E. Ray, (ABR Power T& D Co, Inc., Cipral
Spaingsk The authors ase 1o be commended 5 an mizresting varia-
yions of & cuerent dillerential scheme. Fowever, in the very heginning
af the paper, il is evident thal ihe autbsis are comparing Lhoe concepd
which s under development 1o current differential schemes af fifleen
years npo and not 10 modern MICTORTEESEoT hased systems. Taking
their “critical disadvaniages one at a dme, i = abwious tlas thoy ars
deerying the disadvantages of a by-gone e

i “Prteciion lost il channel falls™—In (he modderm implemeniation
ol the seprogated phase comparison Sysiem. it Wps heen a simple
matier for those equipped and well versed distance relaying
cuncepds o utilize iho capiahilities vl ihe microfirocessar G0 reverl
[rom ihe normal pikil phase comparison relaying scheme Lo
penepild psu-zone phase and groued distange scheme wpon the
deicctinn of any channel inadeguacy. The concept ol bringing
wishage 10 the relay scheme pases no probloms since vl are usually
prosend ia (b sialsn

1 “[ligh-capacily channcl pequired. particalarly if cach phase i peo-
tecied separately”—Muodemn digital channel technigues alkw a
fongr sughsyates (o, BT pluase and ground) schemd W b Aocomes-
dwied an high speed aver & single analig or digital woice channel,

1 “Precine channel delay compensation mequired”— The rather large
morgins inherend in normal phase compaissan allcrer consederats
deviation in sguarc wave alignmes for exernal fauiis. Howeved, 10
permit greater ereof accommaidation from ather influences such as
ci amsiput phase shifl differeaces amd line drstpihuicd capacilance.
continual delermanation of sctual charnel delay is effected in any
present-day desipn of phase comparmsan relandif.

With the three “critical” disadvantages refegated Lo insigmificance, il
i pvident that the “rainhow” scheme affonds nothing ihat 15 oot
achigeabde by a modem sgrepaled phase GOmpArisnn SFMcm amd.
indexsl, is quits inmloguale 18 lerms ol ins behavior following channel
faiflure,

The nuthars indicale that the “siarage operation” for “charge
comparisan” seurs only if 1k hall gvcle pulse widlh 15 & ms o7 Ei.
[oes this meas far an offset winaddorm, thar it is guite likely thad the
process of comparisen may be delaved in the beginning fos o ull oyl
il zers crossangs were &1 say 0. 5.9, and 10,7 ms.

It is stated in the poper that “magnitude gmensured in berms of
ampere-sgcands . (aml] comverted 1o amperes s eqquinvalent based
on o perfect B herle sine @ave wilhial offsel.” Have he awlbors
exnmined the significance of this in light of the fuct that & perfect &0
hertz site wave © BoL L be fsand i Lhe wicimity of a faull near a ERTHES
capacilorn,

The LHS descriplion scems 1o sy thal the irip time may be 16 ms
plus 4 s ar 0 ms uving 3 vaice chanmel. ‘The isdistry has come 0
regard UHS as less than & ms aveiall time ard fhe auihors seem 10 b2

ting a mgw defimiton. We aie curicat 2% o e Teasns diclating
the chaice of 12 & peak (for 2 msl as 8 level a1 which 1he charpe
cesmparison concepl is abandosed. These eriteria can b satisfied with
59,12 A pms (symmeirical) current. Since it i ealled UHS, does this
mean thal local inpping is aceompshed immediately upon the identi-
fication of the 12 A instantaneous valee. How does de affseq infleence
thix?

We ase fatcred by the author's schection of he Inad-loss Lrip
concepd that has heen wsed by the discussers company for approsi-
mately four vears in a multi-zone disanc relaying scheme. W hasien
10 e el however, that it & wselul for erd 7one faulis cleared by 3
zone-1 distance felay at one end and seen by 3 zone-2 distance relay &l
the pilser, to sccelerale trip at ik pome-l end. The wse of a 2one-2
Emees, driven by overcurrent is a poor substinite fior 4 pone-I distance
scheene utilizing lond loss grip. What is (he naturc of the ssquential
trip the authors emvision far the “yginbow™ scheme following channel
failure.

Banuscripl recered Frbisary b 1992



LLOSURE
L. J. ERNET, W, L. HIFMAN, [. H. quay
AND ), 5 THOoRP
The authors  seuld  like to thask Ehe digews.

sers for thelr inceresting comsments and questlons
Several discussions include questions abous =YHE" .
These quescions are addressed In the closure to che
companien paper (Baf. 13.

Wich reference bto Mr. Eockefellas's Flrsc ques-
tien, the A/D eenverter 1s L0 birs. The s COFYRCTEr
truncates at 63,5 & peak.

Botel ALl curremcs In this closure are based on
Jemmpere curfent trancformer secordaty currencs .

Seven microprocesscrs are wsod. fine
mlefrprocesssr controls mach Phaas J{ineluding
reaidual), oame controls che coaminlcations, ene con-
crole the diaplay and one serves as EYELEm SupeEEvisor.

Figures ©Cl amd £2, provide che scaling faor
Flguree 12 and 13 of che paper.
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Figure C 2. Bias ¢ haracteistic charge companissn vi. comertional
usenl diMesentbial,

Flgure 12 of the paper dges teansform precimely
o the ralnhow shape of Flgure 9, If the local ocugrent
fe I A thraugh 9. 135 g, For example. ler ehe lozal
eurcent bé fiwed ar 5 A rms. st zern degress. The
bias characteristic of Figure Cl, shows that when che
remote current is ac 120", balapce pointd accur at

IE47

FeTOCe current mapnitudes of 6635 4 (55 = [ B, 0k
= 1.835%) amd 3.375 A {358 = E.17%, A5 = | h2&s When
the remote current L5 at any other single becwesn 907
and IT0 §r will acill "nest" wich the same lopal
fegative half-cycle and praduce balamce peinte &t che
BamE Magritudes: 6 635 A and 3N7% A Thig CTEALEd =
“perfezt® rainbew, per Figure £3.

AL B 0"
.’_.”.ﬂ'l:

Figire £3. Rainbow, | local = 54

Bofel In reality the local cursents are rounded
te the clesesc 1/6 A and the ramobte Curyenkts are
roundedy te che closesc Lgh & {ra condarve bits
required by che communications channel] . Therefare,
the elfective rainbow charactarissic depares slighely
Erom chat showm [n Figure 3.

If the local currene is F-1/% A, er greatar,
only che lower half-circle ef ralnbow appliss
(example: Figuee 7). If the lesal current is 177 A,
or gfeater, and less chan 2 A, then cha pelar diagram
characteriscie is a differenc shape, made of half-
clecler (ewample: Fipuge ©10h)

The wask feed logic works by Incegracing the ab.
selute value of current samples over & meving &.
milllsezond window called ~Fras (Floatlng Current
Acoumslacer), without regard fe tere-crodelngs, hae-
manic eontent ar polaricy, Whensver a4 CCO [Charge
Comparisen Data) messOge i received of magnitude &
SAEperes af mord, the relay looks for an FOA walus of
L3 A equivalent, or lese. char noouresd in che pame
feal clme as che 6 4 half-cyeles ac the eransmlteer
Eerminal, If n mateh ip found, then the syscem
declares o "WFT* (Ueak Feed Trip).

Frem the above deecripoian. it ia seen Chat the
weak Eaed cireule does inwolve a Flme matching chat Ls
Fquivalent to the "nesting® process described in the
Paper. The ciming operation that Zalecks the gor-
rect FOA has & 44 ma tolerance for impropey chanmil
delay compensation, This 1& the sese rolerance ax
that of the COD resCing operation.

The weak Feed cifculc is escure during the enaer-
glzing of a lang line, sines s slpnilicant currenc (&
Anperes. or mere) of pood Lerquency content (at laase
b ms half-cycele duracion) must he received at the apen
breaker terminal im arder co Erigeer rhe WFT

The cut-off fraquency (1 4B dewn} aof the anmef-
aliasing Filcer 1s 200 Mz

If protrscted effset BRY Oocour At lew curFanmt
levels, It would sessm eo he appropriste to raise che
entire hias cheracteristic, per Che URPEE curve of
Flgare C&. This Is a user satting. For this condi-
tion. che wpper curve of Flgure CL appears te be mare
fweure chan the upper curwve of Figure 11 of che papes

The main CT's [cusrenc transformere) muet have
che same racio. They sheuld be of the same TVEE. Tha
chatge compariseon relay presence a very small burden
(0.0005 obes per Fhase].  Furcheraoce, the 905 eireuir
eequires only ? ma of Zood current to trlp for incer.
nal faules, amd 142 ms af good currene to correcrly
Bleck for external Faules. Alea, the charge com-
parison iteelf has high restraint far high eureent
through Taults Even mo, gposd quality maln CT°a are
Tocommended. CX00 would soarn apprapriace far mose ap-
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faimbow to handle cutfeed condltions of =1l lavels.
Quocing a discussion =f chis paper by Hr. 0. C.
Dakson: " = charge cosparison has the advanTage
chab the ehroshold levels are dymssle - - = Imstead ol
the [ixed thresholds characceciscic of of tset keying”

Charge cosparleon, like all othar currenc 2if-
farenclal sct , has cus other advancages (Lo
addltion to hendling outfesd) over phase cosparison.
wich pefersnce co current differential protection of
cramsmisaicon lines, Frafessor acun Phadks wrote {Ref,
}: “By exchangimg actual cuErent signals bBeTeeen
vorious termimale - - - rather than the phase angle
informacion alone a3 in phass corpariecs relaying, the
resulcing systes L5 far sors semeitive ard accurate”.
In charge comparison, this extra informacion enables
guch funcclons as “waak feed®, "UHE" and variable blas
. all -af which are deperdenC o0 recogriclon of BAE-
nitude, in additien co phese angle.

An pEEser waveform will temd to have & long

Flgare A, Detenutized tras

plicaciens. Of esurse, tha selection of che CT
deperdd on mazioes gxpecked Fault cusrent, do Hime
constant, ©T rario and toral conrectsd Burden, 1m
making the CT calculptions, a conservacliwe approach 1z
suggested whin applying charge comparisom, OF any Cur-
rent differencial scheme.

Wicth tegard to the main CT'a, che major Soncerm
1la =spLll” (i.e.. spurlous differanclal)] cufTEnt in
the residual cireult for heavy through phase faults
and in all cleewles for heawy eross-feed currants in
double-breaker zerminals. These lssues afe addressed
welow Ln respense to other discussicns

The “Flux-cancellazion® Auxillasy Current Trani:
Focmer [ACT] 15 & epmall Lron core wich secondary eif-
cuilts rhat detect emall Elux levels and inject [feed-
hack eugrencs that virtually camcel The £lux Thi=
permlEs the AGT to be complecely llnesr up to 160 &
pllh., im the prezsnce of full dc afiset and eIy !DI'I,E
d¢ rime conetants {100 ms of mere). [Repeaced teste
with shart eugrent bursts of che same polaricy de off-
set have proven that the ACT serves as an ldeal tranm-
farmes. & patent an the ACT and asseclaced cirsulrey
lx preding.

The dc telp-circulc senaing device ls a rtiny
lrom core that transforms a high Erequency alignal.
The do trlp-elrcult wire passes chrowgh chis core.
Whenever chis wire corcles 1/% & do, of more, the core
gnturstes and interrupts Che magmetic coupling of Ehe
ac slgeal. Thie provides “serles Erip™ carget imfar:
macien and seal-ln ef the auslllary cripping relay.

wiek salaFence ©o the Elrar comment by HessTs.
Elmore snd Ray, the authora recommerd that discance
relay backup, 1f required. be a package chat is
separate from the current differential or ghase com-
parison elay. This would provide backup for all
partes of che protection, including CT ascendary. fused
de elreult, power j-uppl_:ll and muslllary tripping
davloe.

The authoTs agree thart moderm difital ehaonel
cechnlques allow ASBSCSC phase compatisen OVETr A
single wolee chanmel. Howewer. we bellewe chat chatge
comparlson ls the first (and only. so Car) schema Ehat
performs ASBACSG curTED diffrrencial, or equivalent,
sver B eingle wolce chanmel.

The auchors asgres chat precise channel delay
conpensation is met requited for phase compar oo,
Page & of the paper states that “phase compaTimen TS
good talecance for improper chanmel delay
compeneaclon®. Fage 1 af the papes =&ays that thea
:g-.;lul,r.u.nl: for precias channel delay compensation iw
a ~dlsadvancage of (#xlscing) curcent differential
relaylng”, not phase comparisen relaying

The suthors centend that the “raisbes® concept
§s superlor ©o phage comparison, with o wichesut off-
ser keying. ‘This ls larpely because of the abllley al

secend half-eyele, Lf ehe flrst half-cyole s shost,
ae shown in Flgure €5, Therefors, we would not expasc
& full evele delay due Co two esnsecutive short half-
cycles, For sewvess faulbs. even the shorz Elree half-
cycle wlll aftes excesd the 12 & peak level For I mil-
1lseconds. thetehy provldimg UHS celpping durimg the
first half-eyele after che Faulr.

i
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Figure C5, OFer wavirlom with shor fim Ratl-cpck

te le =rue that the conversbon from ampere
aeconds charge to equlvalent smpere IWS ls omly ac-
surste for & perfect &0 Hr wawe wichout offser. The
authore agree that rhis converslon ls not eorrect
during the off-normal frequencles azmocbaced with
serims capacitors or during the tramsisnt imterval
during & Caals The accurasy of this cenversion L
net slgnificane, except durfing relay calibration and
saasurements, which are all dome during cthe steady
scate, or alowly chonglog eondicioms. AT theze clmes
the comveraion iz aceurate. The relay eper&tes on
charpe cosparison, based on the prirciple of conserva-
tion of eharge. The only teases for conwerCing the
charpe ro rms curgent Le o allow conrentcional am-
pebers to be wsed and sllew descriptien of plek-up
lavels ard saccings in werms of amperes Instesd of
eouloxbes,

with reference vo loss-cf-load as used in che
gharge comparisan system, this technique peovides
high-speed sequenclal tripping Lf the charmel iz lost
in oo dirseclon, bat mot the ocher. Durisg an lmtsc:
pal fault. the terminal recelving walid sommunicaklons
will Erip in high-spesd (cypically 1-¥ eycles) wvia
charpe coRparlison. Ae sosn ac the breaker at Chis
terminal opens, the other cerminal {reesiving inwalld
or me coppunicatlens} will trip en loss-ofl-load,
provided Ehere was prefault lesd surrenc (at leastc 1.5

ampereey and che fault iz ner three-phaze A zore-1
timer la mor required.
A5 requested by Hr, Cheecham, Figure ch

pucreates Figure 10 of the paper, with scales added.
Also shown bs che restrabnt clrcle of the sesvenclonal
current differential velay, with the “A" &nd "B" in-
rercepts am suggested by Hr. Cheecham.

We sgree that fault currenc, escept for Nlgh
goulatance ground faults, will wsuwally oot ba Ln phase
wirh Lpad eurrent, Howewss. these ave high carrent
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faults becaise Tthere [& noe redldacancs LImicing.
Therefors, che magnicude of fawlt eurrent 1s much
prester chan che magnlicude of load currenc. ALL cur-
pant differentlal schemes, Including chazge cam-
parison, hawve no crouble clearimg chese high-cwrrent
faults. which plet well outside the rainbow {or
circlian),

Te 1lluscrace this, 1lec us sxamine dome alieple
cases. Let us look at the excreme case of a 807 load
angle. (A high load angle is the worst case for any
carfent diffegencial schens, bescause the high angle
inereases load current without Inereasing fault cur-
reEnt. ]

Flrst, let's consider imcernal phase faulcs ac
the slectrical center. {This is n worst-case Faulc
lecacion for charge conparlson because faglt current
Infeed magnicudes are the sane. ) Esmole cursents will
plot im the lower half of the rainbew characteriscic,
This iz bacause the left-side and right-=lde currents
afe mosfe ln-phaze Ehan out-of-phase, sven for the ex-
treme case of che &07 lead anpgla, Far sxsmple, in-
ternal three-phase faults will plec as per Figure CT
An [nternal BC fsult will cause the phase B and phase
C currents ©e pler per Flgurs 28,

SENDING END RECERAKG MDD
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Figure 7. inl. 3-phase fsah at #ecrical center G0-degree load angle

Hext, let us conslder an incernal A<C Faalc at
Cha warat-cass locationm (1. e., the eleccrical cencer).
Ler us asslgn & Z0/2] ratie of 3. This is also a
woTSC-case assunmpClem, aince it asgpumes all the inm-
pedance [ transmission lime Sepedance, In sfealley,
ILntermediate ground sources will help make the eflec-
tiva racle lass than 3. The lefr-side and rlghc-side
phase-A& and reslidual currents plot as shosm in Figure
C9. We are not concerned abeut the Fackt that the
fesate phase-A currents plot close o cha rainbew, Tor
chres Toasons:

* The assumed maximun lead angle of &0F dz ax-
tremely mewvEre. Hoermal maximum apgles are
closer ta 10%.

* As the [ault moves away from the eleceriesl
cemter, Che remate current plots further from
raimbow,

# Am moted by Hr. Chestham, the chacge oom-
parieon syvscen Encludes & 3T, wunik, which i=
unaffected by load currenmt Ag mhawn Ln
Figure C%, the 31, phasora are essenclally
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Figurs C8. internal BC fault 2t elecincal cerder, Gi-degree lasd angle.
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Flgure C3. internal &- faull at slecrizal center, S0-degree load argle,

im-phasie, 0 chiay do mat plet anywheafe near
the ralnbow.

As discussed ahowve, we don't feel che phase
Fault =ettings are “conpromised”. we feel che 907
themaheld (l.e,, the rfalnbow ends ac +%07 from 0%}
Eives cthe oprimul camblnatlon of semnsitivity and
security. We want good phase unlec awnabfcivicy for
pround faulte eo that the system will be very sultabila
for aingle-pole erlpping achemes, Therefore, we don't
want ce rély cotally om Che Eefo-eequence unlf.

In the present design, the Eers msquence slsment
is stabllized by residual current. It isa guite trTue
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that heary eeternal phame [avlcs can gloe ride Lo
spuurinue residunl currence thal apgear as spill ruz.
remte fHr. Bawasn haz aleo polnced this =ut ) The
regidual unit of che charge compafissnr SYETrR® mAY
requlre phaes corcent Stabilization. fer appllicarlors
with quessinmakle CT perforsance A atabilizing
yeslsrar in che remidual clrculs [suggsst 142 cha) may
also he consldered Thie Bese selution be adequataly
slEed salm CTE

Tezcx tn prove atabilicy in the presence of
wnequal waln CT parformases  durieg sxcernal [aulrs
have pot Fet been pesfovesd. Ko have a high depraa af
cond lderce with cegacd [o che poeglhilicy of aaturs-
clon im the main CT°s causing malfunctien of the
relaylng syetem, The reasons [or this cenfidence have
been surlined §n the clofure o Me. Rockfeller's die-
cuma Lad.

With regard te the discussion by Heaars Farley
and Horgan, the auchers agres that tapped loads
present s lislgazlon La che applicacion of charge com:
parison, ag well as asy eufrent differenzial echese.
e Believe chet high-met Feulc dececcors, time delay
or discance relsy supesvimlon afe not desirabie eolu-
clens 4 chis probhlen. We Belicwe "decrammed
genglrlvicy” im the moxk effeccive way so apply chazge
comparlson co enpped lines. Quecing from the dimcus.
glon from Hr, Dawsen: " . many Ph‘ll!l:l.l!ll. ﬂp["”ﬂl':'ﬂﬂl
are posslble by decsneitlzing the protectlon such that
L eannot #ee & Ioad-side faulg on the Capped crans-
[ormer, but can still ses all Jine faulrs®. For-
tanstely, many Capped Loads use delta-wye tranaformer
banks, mc the 15 unit dees non have to be deman-
sicized, The charge comparisen S¥SOEm has provisiooe
Far rafising the biam level of che plase wnics withoust
affeccing ground fault [(residual}l senslolvity.

Wicth referernce o the dizcussion by Hr. Dawsen.
the authors wiew che reduged {i.m., leas chan 30%)
geatralat veglon of reoens phase comparison schames
iUsh snd Encernatlonaly ss an effort Eo leprove Che
coverage of mergimal internal faulte [i.e., high
rexlatance ground faults) Reduclng the colmcidence
gimer can allow phase coaparlisn Lo detect rare hign
rasletance groond faults - but ser all. I is aluays
possible to plase an dnternal high realstanse ground
Faule that preduces onlv magnioeds diffecences with no
phame angle ALCTerésse ar &11. The dsslre te cover
moce and moce hlgh sesistance intersal grousd faulcs
with phape coeparizon haz led te theas ceduced colp-
cidence timer sestings Thie has iegroved inktesnal
[ault coveraps. bsc bas direscly reduced the tolecance
[af lepreger chamsel delay conpensacion during through
current condlielons. This pracclee has also 1

e sugpested

The auchors appreciace Mr.  Dawmon’s  companse
regabding tapped load sgglloatlons, Thic s discussed
above wlth Teleresse e rhe commencs by Hemars. Fariey
and Horgan. Ad previcasly eaplalesd, we TEcomaEnd 24-
jumting tbw bine leval ax b best #oans te sddress
thizs lzzwa. The pick-up levnl of Q.5 aPpeTER ruflerred
e by Hr, Dawsem ik aczually the minisus curcenl ©O
store or eend charpe cooparicon data, #t the bias
level o[ the syscem, whlch relaces ko net differential
zurfent (Che arlchmetio sum of local and Te@cte
curcenbs] .

The discussion By Hr. Aposcolov imclwdes a
Figors that shews a cypical satutaged ET accondery
waveform, 1B la obaegfyved that the sarly pare = esth

half-cycle has a “good”® outpur, for ac lesst a shart

peak. Thie pank ix., of course. of wery high mag-
nicude. This magnltwsde swcesds bha L7 A péak Tequice-
ment of UHS., A3 will be clear afzer readlng the

dezeciption of UHS @n the closure =o ths secedd paper
qRed, 11, UHE will eorxectly crip for dntesnal faulsz
and correctly bleck for excernal faults [ox rChe
ugue{nre premsntad by Mr. Apostolov.  The chafge com
parison Panction, Lltsalf, sheuld be secure becsass ol
chie sharply rtising biax level &C high currente

The "less chan & me wide” guasties posed hy Hr
Apomtoley Ls addressed, In pars, lm the preceding
paragraph For lotarsal faults, the UHS (deseribed
lacer} will provids Eripping, &wem though the charge
comparisrn Itasll 1ls Lohiblzed (since the pulse durs-
einn g .mx thas & ms). For excernal faulcs, che UHS
ulll serrectly Bleck (as desaribed latsr) amd che
charge comparizen itawlf iz lnphibized,

Figure 1.f of the paper deplcts an lacernal
fault on s thres-terminal line, with outfeed &t Che
local terminal, The Ewe Fesoce currents aecd charge
comparlson dacs words af approximacely the sase real
cime (within ! == of sach echerl. en received, tThe
pagnitudes goncained Lo thess two words are addad,
uzing a fermula that takes phase angle differsnce ints
mceoumt. This totsl carcent s chen asglpned a
"compaaibe received Ties-tag” there on, tha
"sonporice” secelved carrent (effectively a phasaer sum
of che ten Temctes) La ceeaced jusi ss iF i¥ were the
single Temats cusrent on 4 ug-rarminal line applicd-
cion. The rainbow eEill spplies. =0 cutfesd iz e
pEOLLew.

Hoze: Hardware and ovezall seftuare previstieosa
for thres-rerminsl applicatiomn have bedn desigred
The wofvuare Ls En che plarming sEmge, &C chis cime

The chaege caloulacion iz sade by edding each
inet samsle of Curcent over the helf-evcle

Frem

gecur ity for line chasging dillsremclal current which
hae & phase-shill effect on exlaical gprownd
whilch are resistance limited.

In guar atudy of the outer cepienr of ralnhow,
Ehe fanger of acusrce %o line impedance racles was ap-
proximebely L I e 10 - 1 The pakisus load angle
wazx mmsused Eo b approximacely 07, bear sose studled
were mede of amgles am high as we Tatallel 1llees
were leeluded. Open conductars with ghorg.clreults as
one or hoth mides of che npen were eonsidered. Opan
conductare withauwt ghort-elroules are hendled by the
lope-of-load techniquee. plus & 2one Cwe Clesr.  ThEs
requites sems prefawlc load or the condition carcel B
decected #lectrically The 70X and 90X valuea ol
gerles compensatles are #ith reference to the total
theougl  lismpedance (eguivalesmt wmource oo squivalent
mousfce)l. Mhenever Ehe source iepedarce Ls ret capaci-
tive, we agrees that chere le an outfesd cordicion.
which lz & condicion for which the talphow ehares-
rerlstle prevides greac screpgth.

Weg wnderstdand Hr. Davaen'as <oncern abouk
spurlous Eefd seguence comparison dew &0 epill cur-
Fents Chrough the fesidual eireult. This e discacesd
in out closare to Hr. Cheetham's comsence Becier

[aul ka

CT's of stabilizing feminmtore in the residual cirsuice

rents threwagh che resldual elreuls.

L our elesure te Mr. Cheetham'as comments

This is discussed
Hetimr
ET"'s or stabilizing vemimtore in che reeidusl olrculss

interval, ac determined by szars and finlahed rcime-
cage. Thie area im acpeally In "miilicsuslonk™ unics.
The comwerslon from mllllesuloshs ©o amperses rms vas
decerelped experimentally, amd werified by cheary. Eo
be sleply 4 maccer of dividing by 13.

Uitk refererce tn tha firaf gquestisn by Hezgrs.
Andy Lekak, Alexpnder, Adamlak ard Fatterses, the “high
frequancies™ that cen “poks holea™ in Che phass dom-
parissn SqUATS waves arte probakly Ia rhe Teglon of
0300 Hz. Thasme high frequencies are [Llwstrated,
in a wery general way, in Flgure 14 ol Che paper
Since théde high fregoenciss bepd bo nhibic cripplng.
the concars hére i dependabilicy. not mscurity. To
jmprove dependablLloy, chaCpe comparisen incorporales
s weak [eed clrewit, descrlbed previsusly with
refpEence To the dissuesion by My, Kockleller.

The authers sgree that large crose-feed cufbence
in double-bresker rerminals can creats mplll cucfents
in che diffesantlal eireuics, phase snd ground, This
eould oreats a mecurlty hagard., e recowwend heties
main CT's or stabllizing resiscors (suggest L/ ohel
In rhi differential elresit of edeh phase and ground
an ftha besr galution Ep this probilems.

The techniques dosczibed lm the conferercs papar
hy M. Jd. Leframcoin (Eef. 19 of che paper) aca

@% the bhest solallon 0O ChiE pEosd

hy 4. J. Lefremcois {Rel.
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The teckmigues desceibed In the conference pager
19 of che paper)

e



addressed in the clasure ko the companlon paper (Ref.
1}

Campencs on CT saturation amd Lrs &fFf&cr am
seculb LEy /A dpead/dependability have Deen pressnbes abave
in the cloaure Ta the discusslen by My, Rockefeller

The authors agree thot an intermal evolwing
fault cam appeatT a3 a “double sxcursion™ and can cause
an wndeslrabtle crip imhibit This can add anm exbra
npne-evele [(worst-gase) to Ehe Crip times The authars
are mor comcerned about chils Far t¥e reasens

# The algorithm that deteccs double excursions
iz wery melectlva. In faer, In many
thousards of labsratory ctests ¥e have not ex-
perlerced a single undesirable double-
sxcurslon Enhibic operation.

+ 1f an imhikit signal should occur during am
irntermal fault, it only temperarily blocks
charpe cemparlson ctripping. [t does not af-
fect “UHS" erippimg, at all. Therafore, high
cafrent Llnternal faults (khe only enes thac
actually rTequire high speed clearlng) will
et be delayed.

Thie authors agrees thae fer low ar moderate
reslatance ground faults the angle berveen fault cur-
rent amd load current cam becems quite large, as in
Cagag 1 and & of this discwesien, The authors have
stated chat only marginal integnal Faules (the so-
called *High Resbfascance Ground Fawle®), &5 illuscraced
in Case 5, creace che in-phase (mear 0% ar 1807 rela-
tlan bacween fault curzent ard load curfenc.

Case 1 plots relative te ralnbow as shewn in
Flgure ©l8, ©Case & pleta as shown In Flguces Clla and
clib 1t ie abaerved that in neicher caes do Cha
remebe <ufrTents plot mear the rainbew, oy near the
*carmer exlst” reglon of Flgure 7 of che paper.
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Case 5 ddowes plot Inslde Ehe ralnbow, per Figure
£12. Therefore, the charge conmpariecn system Fails tn
trip for this condition. Total fault curremt s 1.2 &
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(241 of raced current). Thie iz less than the cocCal

fault curcent sensitivity of charge comparlsom, which
£ 1.5 & (30T of raced current), Therelare, Che Laulc
resiscance of Case 5 exceeds the sensitivicy margin of
the relaying svstem. The authors helievs Charc Che
sensicivity of charge comparizon (equivalemt ce 300
ohms primary fault resistance for a 345 k¥ line with
00049 ET's) will enable the e¥eben Ee Tedpofnid Lo BEny
high resistance grourd faults as caused by crees and
fires under the power Limes,
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Abskract =« Charge compariseon is a mew cransmisslon
lime protoction system, It comparer local and
remoce gquantities of charge, using & bl-direeclanal
oommunicatlons chanmel. Charge comparison ls & form
af current differential relaying. Traditlonal our-
tant differential relaying schemen have Ehyee criti-
cal communlostlona-related problem:a! protaction ]loat
if the channel Cfalla, large channel capacicCy
requirad, and precise charnnel delsy conpsmsacion
gequired. In lacge measure, charge comparisem owver-
copes these three commmnlcaticns-related problems,

- Charge compariscn, Currént differential
relaving, Tranimisslon line protectiom, DRigical com-
munlearions .

JHTROCVETION

Charpe conpaclasan La a new dlg!.'l:n.l protectlion
system that conbines relaybng and communications.
The ralaylng conceprs and an overview of some of the
camminleatlons concepts are presented in & relabed

paper [1]. The copmunications coencepts afe
dezeribed in more detail in Ehe paper which felless.
IRLPRIMG THSTEAL DF BLOCEIEG

The most fundamental communicacions-related
declision in the development of charge comparis=cn was
the chelce of a tfipping schoma Enmtead af a bloek-
ing schems. A “cripping™ schess L8 defined as one
ehae ragquires Cha recsipr of & bona-fide cripping
aignal via Cha ceommunicactons channel before ctrip-
ping [s allewed. A "blocking” scheme Ls defined as
anet Chat alloews tripping im the absence of a
recelved signal. & blecking schenme has the advan-
cage for weak/szero 1lnfeed coendicloms and open
bresker conditioms (l.e., swlceh-inco-faulc). In
the absence of a signal from che weak Enfeed or
open breaker termlinal, a blocking scheme allows che
strong infeed terminal to crip. Tripping schemas
requlre special cechniques (eche signallng/open
breaker signalings etc.} to enable cripplmg for
these conditlons. On the other hand, the tripping
schemes are inherencly more secure. They don't al-
low tripping during ecorrupted chanmel or loss-of-
channel conditcions.

Early Ln the dewelopment of charge conmparisen.
Chie decisleon was made o use a tripping philozophy,
Charge comparison makes a nev trip ACECRmpr avery
half-cyole. Therefore, during impaired chamnel
condltions, & new opportumiEy o CElp cecurs &s
gcon as the channel problem clears.
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In  the presemnce of lmpulse chammel nolse, the
crade-off is:

+ & tripping seheme may have slow crilps durlmg
internal Caulcs.

& blockinmg scheme may kave [nles Erips during
external faultn,

To azsure good sesurlty, charge comparison
uses the tripping philesophy and accepcs che pos-
albilicy of slow tripe during {mpulse channel oolee
conditione, An Wil]l be discuvased Jlacay [n chils
papar, Ehe seleccion of a Crippimg scheme, wich 1lcs
Leherent securlcy, plays an imporczant cole in allow-
Lag charge comparison co take advantage of the
reliabllicty enhancenment offered by parallel-
redundant communicatlons .,

COMMUMTEATIONS MEDTA
SMITARLE FOR_CHARGE COMPARLSON
Since charge comparlison wuses & cCripplng
philesophy (see preceding secxien). it s net
suitable for use over powsr Llne carcler. Internal

faults can geverely astEenuate Ehe catrier signal,
Thie meane that powey line carcler schemes feguice
a blacking {orf unblecking) mode af aperation, which
i eonctrary te the cripping philosephy of charge
comparison.

Alaa, charge comparison is net incendad for
use over a mecallic pllet wirce {(i.e.. twisced palr
of copper wires between relaylng terminals}.
Reasons:

#* In many cases, difflcult to obtain copper
pairs

& Jnductlean Erem Faule cusrents en the power
line cranclng interfetance in the copmunications
aver the metallle pale.

* GCround pocenclal rlse, due te Alfferense in
scaclion ground potentials during ground Taules.

Charge comparison is deslgned e werk wich all
athar teleprotecclon media:

*  Analag valce elivcuilce aver leased belephone
lirmx,

4 Amaleog veice circults ower miccowawse,

 Wide-band (36/6G Kbps) digital channels.

4 Fiber Optics.

HWhern workinmg over nanaleg welce circuies,
charge compariscn incorporates a 7200 bpa moder and
1l eoupling transfornar, The widesband digieal
charge conparlaon system ipcludes a  ES5-449 [ncer-
face, sulcable for connectlon to a T-1 channel bank.
The fiber optic charge comparisom system includes
eptical transmitter and receiver squipnent, sultable
for conmection to multinede of aingle-made Fiber.

IHE THREE CRITICAL FROBLEMS OF TRARITIORAL
CURRENT DIFFERENTIAL RELAVING SWSTEME

Beference [1] defines Ethe three critcical
problens of traditional curcent differential relay-
ing systens For Ecanemleslon line protection am;

1. Procesclon lasc I[f channel Fails.

2. Large comnunicaclons capacity required.

Y. Preclse channel delay conmpensatlion

required,

Thegs prablems all isvelve the comsunlcatlons
channel. The remalnder of this paper will describe
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le seae decall che comsonleations concepts wEed 1n
charge comparisen te cesolve chese thres ericlcal
problens.

EREBLEN £1: FROTECTION LOST LF CHARYEL FallS

This is the most cticical probles =f any cur-

rent differsntial scheme for tramamlsslon Line
protectlen - and the most difflcule  one to selwe,
All cusrent differentlal schemes compare local eurs
fant with remote curfent  (or wicth the sum of both
renote cucrents fer chres-cermimala lines).  Theze-
fera, i the comeanications channel fails there Ls
pe knowledge of the remsce CuCCent, and che relaylng
gchens cannol Sparate.
Bpig: Ac cthe cime of the wzleleg of thie paper, the
developzent plenning for charge compariasn of three-
tarminal linea Bas been dene, BuE the actual
hagduara and sefcvesre desigra have not bean ac-
compllshed., Therefore, any references In this paper
e chree-cerminal line prececcion arg purely concaép-
taal.

In gemersl, chere are only Ewe ways Eo provide
protection durilng chenmel fallure:

& Incerpacate nen-pilet backuap.
& Use redundanc channala.

Ben-Pilot Bagkup

Curfant differentisl schemee cparate from
surEent-only, Thess schemas csn teadlly provide
ovarcuErent backup {with or withour time delay). beat
chis form of protection Ll conaidered o be rela-
cively ipeffective [wich regard Ee selectivicy, sem-
sleiwity, emss of setblng, ere. ) vhen oompared Eo
digtancs relaying, In the development of charge
copparigen, cne approach would have been 2o bulld a
dlatarmsa backip scheme ints ths eystsn, However,
Inearporacing discance backup in the charge com-
parlson Telay weuld hawe Qntroduced all the probless
associated with distance rFelaying, &z ocutlimed in
referemce 1], Lneluding: ferroressonance and Eran-
slent gamponas problems asssoclaced with potential
soureas, loas-of-porenclal and low-pocentcial
problems, effect of mutual induction on groumd dls-
tance relay reach, woltage reverssls on series com-
penasted lines, blocking requiressnts durlng sysces
pinge, in-feed on thres-cecminal linas, @Ts,

In erder Eo aveld the problemss referred co
abeve, Ir was declded cto use only overcurrent
functiona for the non-pilet backup bulls inte che
charge comparisom system. This would mesn that as
potentlal would met hawve Ea be conmected be the
relay, thus elipinating the probless aseociated with
ac potentlal sepplles,

Cvercurrent Backup

Chagpe comparlion has three overcurrent backup
elreulea:

* High-set direct trip.
* Bwitch-into-Efault.
* Logs-of-load,

Tha high-sec dlresc crip 1s based om overcuar-
rent settings cthet are enclrely independent of the
chatge comparimon curcent Theeshalds. Tha dlsyeecr
trlp has separace phase and ground settings, wp To
32 ampere tms equivalent {hased an 5 ampeTe curTent
transforzare).

Tha dwlesh-laes-=Taulr elreuic Ilnvelves &
pedlumsser overcurrent element [phase seccing iE
above meximun load and ground setcing is sbove maxi-
pam reslidual wnbalarce) that e allowed Eo cperats
for a brief time after breaker cloamure.

The loss-pf-load clfcult &&ndes the clearlng
of the rezcke breaker durlng ilocernal fawlcs, excepc
for Jephasa Cavles., This eireult Os desoribed Im

[1]. Thi lossa-of-load circult playa an important
supporcing Tole in the chammel redundancy cencepbs
of charge corperTison whean applied to two-zaemlnal
Iines. This role will be described LB che next
goctlen of chis paper.

Easurdant Channels

Redundant charmels provide protecclon during
primary channal failuge by operating in a contimssus
parallel mode, or by belng switched inte entvice im
care of fallure of che primecy channel Redundsnt
chanmels improwe dependeblllicy, but sctually degeade
gmcurity by providing sddiclenal epparcunizles for
ewercrlp. Therefore, redundant channels cen lmprove
sverall relishbility only LE they, and che prieacy
channels, are Inherently secure In thelr mode af
cperation., Chazge comparisen eeploys several tech-
nilgued o ensure this inharsnk seeuricy.

aecurlcy Honsures

+ Chesge cosparfson uses a Erlpplag philosophy
lestead of a blocking philosophy.

* Each word censaims CRC (Cyclical Redurdancy
Check] codinmg,

+ Fooult deteccara supervise all charge com-
parison Eslps. The fault detectsea cperate by
sensing high current lewels or changes in car-
Tente,

# [leset trips requice recaprlem af twa erip
medsages o a row,

 Srricc framing rules prevent false-frasing.
While recelvlng synchronous data, asch Crase
bit is teated and, if cerrepe, the encire word
[s discarded, thershy sohancleg Securliy.

#* "Seranbling™ the data alas leproves security.
Every other ble af the Informatlon pectlen of
the word ia imverced. This bresks up soDe
patterns that could otherwise foel che CRC and
framing rulas.

CRE Coding

Thiz ig n powerful srEar-detackting code weed
in digital cemrenlcaclons. Charge corpatlson uses 4
CRC fermat and word length that have escablisbed an
excellent fleld history In anocher teleprotection
system:

Framing: L ble
Informacion: 3 blcs
CRC: E blics

Tocal Word Length: 1% bica

This formar cacches all 1-blt, 3-blr &nd J-bic er-
rerE, potf woEd, and mosk srgors of &4<bic and
highee, Squeleh {alarm and erip-blesking} occurs
whan mapy words age sejecesd. To come out of
squelch requires » esftaln mesber of good words in a
row. GRC and squeleh together bulld a atremg
secarley shield for the communicacicons uwsed In
charge comparlienn,

Channe]l Bedusdansy. 3-Terminal Line spplicatlens.
Einple Chasinel

This arrangsment Lmeludes & G-wire f{or 2-
fiber} chansnel, with separace cransnlttsr and
regeiver elrveulcs, per Flgare 1,

If che L to B and B %2 L clrculte {or [lbers)
can be separated, then It ii yeasenable to expech
falled charmel eleeulzs In one direction and oot che
agther. 1F this occurs during sn Internal fault (ees
Figure 1), then cermimal L san celp ac high spased &n
charge ecsparison and terolssl R can trlyp @dguan-



tially (afrer breaker L opens} eon lods-of:load, as-
aumlng that there le pre-faule load current and the

fuulc 15 net threas-phads.

L R

0 Sy

L e B channel {alls

R¥ I —— T TR

Flgurs 1. Twi-téminal lime, tragie cRanng

IBES
Channel Redundancy. J-Terminal Lioe Appllzatlons

Charge comparison on 3-terminal lires includes
doukle sats of TX/EX transceiver squlpment, per

Lending some credence to the above hypothesis
ragardling chanmel failure In enly ome direction are
flald test resulbter Eo ba reapotCad lacter 1n cthis
FAPRL.

In swemary, the separation of the cutgalng and
return circulets of a &-wlee {or Z-flber) charmel ef-
Facelvaly simulaces the spsratisn of a parsllael-
redurdant channel conflgaration,

Channel Eedundapcy. 3-Termimal Line spplicatlons.
Dupl Chanoel

1f the L-wire (or 2Z-fiber) channel ia &ubjace
toe oocaslonal cutapes LIn both direcclons [(for ex-
anple, mlerowave fadlng due te weather), a dual
ehanmel arrangement is suggested. This providas ewo
tetally separate TR and RE pales ac esach terminal,
and ragulres separate esmmunicacions paths (1.e.,
diverss roewtlng), per Flgure I.

Flgura 3,
Argueng LA channel fally,
L im btk direciicng "
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Figurs 3, Channel recdundancy, teee-terminal ling

Flgura 2. Teonermenal b, dual chanmal

The charge ceozpaclsen relay switchea chanmels
sppresisetely opce a day. The new channel oust be
re-Eramed, which reguires mix werds (apprexlmactely
17 = ag 7200 bpal. If cthe mew channel cannat be
re-framed {indicating & bad chanmal), Ehen cChe Telay
gwleches back te the ariginal chanmel.

1f the chacnel in wes L& lasc {as indicated by
squelch), then the relay switches te the slrernate
charmel . This switchover is pok allowed ducling a
faule. Beazen: che re-feamimg of the new charnel
irvelvas loss of both transmitters far 12 =s, which
incerferes with the chance Tte celp the Te=cte
breaker, [t Lz felt cthat the separation of the
erangmit ard recelwe clicults on Che primary and al-
cernats channels glves the required chanrel redun-
dapcy to take care of corrupted chamnels colnsldent
with amn inteznal [aule.

Tre thres delca.-connected communlcacions eoir-
culte shown In Flpure } sffectlively back sach ather
up, Ralereimg te Flgurs 3, sheuld an incernal faulc
ooeur and the chamnel becween L and B falls, in one
or both digecklons, the protectlom at H iz selll En-
cact and charge comparlseon cripplog takes place &t
M. As soon as a8 trip signal 1s asserted ac M,
direct gclp CCT-U mespages frem H to L and from M Ec
R connand braaker celps at boch chase scaciens.
The CCT-U message has all che security of the direct
transfer trip message. but does oot block reclosing.

Onee agaln, Che l:cermlnal lime channel gedun-
dancy is dependent on channel separacion, including
routes diversity, Im thiz cass, the L/R, Lo aned
H/R &:wlre (or 2:-fibar} chanmels sheuld ba asparatad
Erom each ocher as much as possible, in order cCo
minlzlze common mode Fadlures.

Summary of Proteciion During Loss-of-Channel

Charge eanparlacn avarcomnes the runkber one
problem of conventionsl current differenciaol relays,
nanely Eallure of pretection whenever the channel
faile, only Ea the extant that Ehe wvarflous com-
munlcaclons ¢lrcuica cam be separaced frem wmach
echer, to minimize common mode fallures. If ehila
separacion cannot be achiewed. then the backup to
chazge conpasiasn, In the svent of chanmel fallure,
must come from some ocher proteccion. (The sver-
current direct crip precection built ince the charge
caompat imon relay ls mot coneidersd to be bona-flide
back-up. ) If cthils channel separacien gap be
achieved, then charge oomparison has successfully
ragalved crleleal prables numbesy 1

EEQBLEN §7: LARGE CHANNEL CAPACITY REDUIRED

Up zo now, per-phase currene differvencial sys-
cems 2] haws requlred a wide-bard channel capaclity
{ons wolce band per phase for FM schemes. cor 36 kbpa
for diglital schemax). In developlng charge com-
paclaen, The goal was te preotect sach phase and
grourd separately, uwalng emly & single bd-wire wvalce
grads chanmel. Of course., 1f a wide-bard channel
were avallable, thls eould ha used.

Another goal was ©o send numercua auxlllary
messages, in additien to the charge comparlsen mes-
sages. Thess suxnillary sBessages Include Direct
Transfar Trip, Ulcra-High-Speed, Weak Feed Telp.
Open Breaker, sto.
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[t was clear that only a microcosmpurcer.
centrolled digital coemunications system could meet
those goals Thla meant chat & modes weuld have ko
b wsed ce provide digital cemrunicaclons whenewer
she chamne]l wag an amalog veice grade clrowlc. Far
aimplicicy of modulaclon  scheme amd best hiE error
rate for a glven signal-to-nolae vatis, Che lovest
bic rate medes Chat could handle che crafflec wae
seleoted: 7100 bps.

Applog ¥olee Chacmela s, Hlde-Band Diglcal Channels

Since charge coooparisen is Ilocended for use
owar both wvoles grade and wide-band charmels. &weo
different designs vould seem to be appropriate,
One design would be spiimliged far 7.3 Ebpa, che
athai dezign would be optimlzed for 365604 Mbps. In-
scead, a alngle deslgn approach, compatlible wich
both medin, wus selected. Yoloe charmels are =x-
pectad Ea predopimate through the =ld 1990's, with
wide-band dlgleal caklng ever by che year Z000. A&
common deslgn approach weuld accommodats slmple
fleld recrofics from wolce ©o wide-band, whenpsver
tha wlide-bard charmels become avallable,

This slngle-approach carcept dlccaces chae che
deslgn focus on Che worsC.case: Che 7200 bps modes.
Whenewer a wide-bard channel (58004 kbps) 1s used,
wach word is repeated chree times and the receiver
usas Ewp-of-three veblng logle. This uses the sxbrs
channel capacslty ta anhance both sscugley and de-
pendability, while keeplng the dedign of the relay
the sams,

By [ocuslmg on the 7,.3K medem, the opiginal
foar was Chat che deslign for the hipher biE rakes
wauld be coapromised. This fear L5 unfounded. A
ahert word length and a delay-compensacion-tolerant
deslgn (bach af which ara gagquised for T.JKE
applicaclons) alse greacly enhance perforsance [or
the high ble-rate charmels. Bl i =

% The ashort words {15 bies, g dageyrlbad
aaeliar) have & Bacter chanes of gercing
chrough im the presemce of Impulse nodse hits.

* The shorc word lemgth allows I-gf-3 woting.
previcusly desoribed,

& Hy Eoleratlng & large efror in chacmel delay
compeneatlen [deseribed lazer), charge coa-
parison may be applied  co switched wide-band
networks where a change in charmel delay may
ecsur when the signal poath s re-routed

Exducing che Chacgs Cempailicn Reguiisd
Commpunications Throughput be M0%

Reference (L] exploins that charge comparison
Iinformation i mengt omnly ance per oyole, per
phaseground, Eazh phaas asrsla only peslélve half-
oyole informacion and "ground® (L. e., residual)
gende cnly regstive half-cycle information. This
cechnigue reduces the rcequised Cthroughjut by 50I,
when comparad wich sending information on Bath half-
grcles me is done by comventlonal per-phase currtenc
diffagantial achemas, This technlque provides Erip-
ping on sach half-eyela for all [oteagnal faulee,
Tharefore, chere is o sensbcivicy oF spesd penalry
assoclaced with thlis concept.

The suthoga belleve that the creator and firsc
weet of thls cechnlgues was Britizh Columbla Hydra &
Foaway Auchorlcy in the mld 15707&. B, €, Hydro
reporced che use of this concepr in the applleaclon
of segregnted phaze coxparisom en Ehe Mica 560 kv
Systeam [3],

Compunications Hesspge Strucfure
Refegence [1] explaina that che basic charge

conparisen coneept grestly reduces the communleaclon
thesughput regulesd, when compared ©0 esnvenclonal

per-phase current differencial schemss ThaC must
send & compleate replicea of the phadar of &ach phase
current [ard ground., L Llncluded). Alse, as pre-
wiously ewplalned, rhae E. C. Hydro cencept reducss
the reguired charge comparisom chroughpat by 30I.
Om che achef hand, 1t has been pointed out chat
there are & loe of auxiliary massages chat should be
=ant, din addition to che charge cesparisen ilnforma-
clom. In ardar Eo equesze all chis informatlen
Enta a T30 bps chapmel, & speclal message STTUC-
CuTé wWas devieged that ugpes:
*+ YUariable racie of sddress bles aed data Bits,
# FPre-ser priorlcles e decermime the ceder of
mexEape tranemission.

Yarving Addgess ata Baclo

Thizs cechnlque reduces the rtequired channel
capacley for che expected mix of traffic., The oes-
sages that have heavy data concent and high
frequency of eranssission (exanple: CGharge Com-
parfxen Data) are adslgned = minloal nusber af
address  bies, leaving a lotc of reom for data. AL
the ocher excrems, oeszeages that ooccur Infrequently
of require wvery lictle daca centent [sxample: Flng-
Fong Iniclats} are assigoed mamy address bics and
relatively few, If any, data bits. Flgure & shows
the warying raclo of detsfsddress in the different
mEAEAERE, The shaded blcs are data, unzhaded ars
addresa .

This cechnlque L wery Inefficienc (regulres
tor many wotal addresa bits) If the different mes-
sageE must be treacted im & fandan Fashlion. Howmwer .
IE ir im known that che craffie mix ls skewsd, wicth
some hlgh-prloricy, Theavy-daca messages appearing
mare often tchan soms lew-prlority, low-data mes-

| nlal

sagex, then thier warying addressfdata ratle Each-
nigue i3 very afficlenk,
TIME .
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Exlegity of Heapapes

Each megsage ie placed in the tramsmiccer
Guaus and waits to be mant, While waticing, Lt ecem-
poecas fap flrst place in the queue, based o
prieriey. The priecricy order iz ghown in Fligure &.
Eens messages are real-chee! Charge Comparisom Daca,
UHE, &rd Plng-Pong Response. Thage nessages keep
track of how long they wait in the gqueus, and this
timing information iz included im che dats contained
itn the communicatlons message. when Le is Finally
BEOLE.

One imporcant rule: regardless of the prlaricy
ef a medsage walting im Che gueus, it noever Lnter-
Fupbd & MESEAEE ChAC his scarted transmission. In
parcleular, a4 tde-Yerd message (COD, UM, PTT) Ls
nava? Incerrupred after just ame Woerd,

Hees - CO0 amd CCD-WFD (Charge Comparison Dwta
« With Fault Dececesr) cenalst of a first word aed
a sacond ward, aach ene different. UHS (UlcEa-
High-Spaed} and FIT (Permisslve Transfer Telp) are
always sent n two-word messages, boch words che
Eame [This is dome for enchanced dependabllicy -
the recelver operates on the receipt of a single UHS
et FTT werd, )

dckpowledge Protooal

The tclp messages (Dleect Transfer Trip.
Charge Comparison Trip - Ultinate and Weak Feed
Trlp) are sant continucusly uncil acknowledged. The
acknovledga (s also sent eonclnuously. For
gecuricy, Cwa-seralght tripfacknowledge words musc
be received. The terminal receivineg dirsct erip
stops sending acknewledgs when a Aiffaren: {net the
eriginal directc crip) wvalid word s recelvad. Thisz
pictocal gives high sesueley and dependabilley, and
alga frees the channel quickly. so 1t can return Eo
other neesages. Thia guick release of the channel
can pravide useful caegeting Informacien for direcc
trip Eaulets chac are Lnside the zome of charge com-
parison proteecisan, such as line-sonnected shunc
reacceor faules, per Figure 5.
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Flgure §. Shunt reactar faull within 2one of change Companscn

dusmary of Comsunleations Mespaps
dbzucture Philosepky

The gewernlng philessphy is to send mapy dif-
farent short messages, all competing in che gqueus,
all with differenc peloricies, amd all  wich dif.
ferant address/data ratlos. This concept maximizes
the thioughput of lepartant messages and also maxi-
mlzes the chance of pgetting the impartant words
thraugh Eo the remote Cerminalis).

Lontentlon and Slippage In the Cuege

at F200 bpx. there will be cccasions when
Fevers time &lippage oocurs im the gqueue. For ex-

1857

ample, during a hesvy twa-phase-to-ground faule,
with lead current abowe 177 appere, Seven vo-werd
nessages  [feur CCD amd three UHS) will cry ce pe
out every cycle - in a time space that can anly
handle four twe-word meceages. Afcer four or Five
nessages have been genc, the slippage Time will
excoed the capacity of the gqueulng time In the GCD
afid UHS maadafes. Hhenever thls happens. the mes-
sage 14 drepped [Fom the gusue,

At high bic races, Che alippage 1z wuch smal-

Ler. There may be contention, causing some slip-
page., but It L% not ecumulacive as [ im ae 7200
bps. Each word is repeaced throd Clmea {squivalent

to 21 cwo-word messapges per ovels for the case pre-
vlously clted). However. che channel capaeley la
roughly 8 times greater [(equivalent o approxlmacely
12 mwo-word messages per cyclel. Therefora, the 5%
kbps channel is only utlllzed ar roughly F/3rds afl
capaclity for chis maximum throughpar cosdlelan.

ERDBLEM #3:
ERECISE CHARNEL DELAY COMFENSATION RECUIRED

The ralnbow shape of the charge comparlsem
polar diagram characceristle essentlally solves chis
problem [L]. The basiec operaclon of charge coms
parison achleves & raipbow shape by sending charge
informatisn only st the compleclonm of the posicive
half-cycle of phase currenmt (negative for ground
currentl, The receliwed mesgage lg "mesced” wich the
appropelate local half-cycle.  This nescing opera-
cion la very talerant of [pproper channel delay
companeation: up Ba 44 me error Le allowed.

Alchough charge conparison ls wery tolerant of
[neeprect channal delay compensaticon, accurate oom-
penastion during nominal conditions s desirable.
The cempenastion sutemablically changes as the chan-
]l delay changee - bat this update does not occurn
imaEantly. Accurfabks nominal compenzation allowe che
aysten Ta work cerrectly during the interval after a
sudden chanpge in channel delay time and before a new
maaiurement can be mades and corrected compensation
Izsplenanted

Charge compacison upes two channel delay
mpasurenant techniques: “Plng-Fong” (round crip
dalay Beagafemenl) and “DHL® (delay measurement,
kaned on load current).

Eing-Pong Heasurement

sppredimately every sccond esch acaclem Erana-
mits a "PPL™ (Fing-Fong [nlclace) messaps and BLarEs
a cleck. As soean as PPI i received, the remote
scacian puts a *FPR® (Fing-Pong Response) sessage in
ica rransmibber queue, If there is nothing of
highar pricrity waiting in the gqueue., tchem FPPR will
be Eransmitted as soom as the message presencly
bBering sent is finished. The ressce sCaClon Eeepe
track of how long PFR has o walr, and chile qusuing
time ir inoluded in che PFR mossage. Tha guaulinp
time is then subtracted from the cecal eleck Clme ae
the initiacing termimal to gec accual reumd-erip
transit Eime, per Figure &. The charge conpariszon
aystem uses one-half che round-trip cramsic clee ax
the armuned channel delay cime, 16 esch direction.
The same technlgue is used on Chres-cerminal lines,
with & separate measuresent =ade on sach delta-
gennected Lleg {(L/R, L/H and H/R ol Flgure 3],

Dulay Hessurement - Load

The Fing-Fong measurement provides an aceurace
channel delay time only Lf the sutgelng and Tetusn
chammel times are the same, If these tines d1ffer
slgrificancly, then an error is intreduced, Charge
comparison Iincorporates an alternace AEEEUL R
technique that s not subject ko chis srror: "O#L=
(lelay Mossurement-Load),
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Flgurs &. Ping-pong measuremsent

The phase angle of seall load current is im-
flusnced by line-charging currenc, parcicularly en
leng EHV llnes. Tharsfors, DML i5 only used whens
@vat the load current is above I amperes rms (en & 3
asmpars bags) DML looks for a perfestly cemcared
“naar® af the adjusted recelved cime cag wichin the
lacil nagaklve half-cycle of phase ecurrane, IF the
channel delay Ls under compensaced (Flgute 7) or
evercompensated (Figure B}, che nestlng is off-
center and the receivimng cerminal measures tchis
deviacion amd caleulates & corrected channel delay
conpansatlon wvalue, DHL is used em cwe-terminal
Lines anly.
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Flgura 7. DL Meadurement, channel delay undercompernsted

sunmary of Channel Deley Hessuremsnr

HWhenewer the channel iz working in bath direc-
clana, Plng-Pong delay measuremsnc 03 performed and
may be used to asutomatlcally calewlate the shanse]
delay compenaation. This L& true for twe-cerminal
ind chree-terminal lines On two-terminal lines
anly. whenever load surrent above Cwa anperes Ls
flewing, OHL Ea uawd as a more accurate method of
delay measuresent - not subjesc es ercor L the ece.
gelng and return delays are different.

MODEM FTELD TESTING

It has besn explained chac a 7204 bps moderm is
used co pravide diglral communications for charge
comparidon whenever the aedlum is an analeg volce-
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Erade clircuit {300 - 3000 He), over leased-line or
microwave. The perfermsnce of a modem of this Bbit
rate, working im & substation envirorssse, sust he
proven by fisld testing. In parcieulag, the pecEor-
mance &f the modem during nesagby power system
faules, had to be demenscrated. {In contrast, tcha
fleld performance af the other charge ccmparisen
communicacliens clroults - wide-band digece digical
and fiber-aptios - has alresdy been fleld-proven on
echer teleproteccion syaceas.)

In order to comduce these fleld tests, modem
Eleld test units ("HFTUs®} were designed amd bulle.
The HFTU gansrates a steady test pattarn, aleng wick
speclal cedes for Ping-Pong Infclace and Plng-Pong

Responee, Bic errors are decected snd counted over
ten minuce inceevals. Bit error rates of 1072,
1073, 1974 and 1075 are cusulaced, All significant

BlE efrors are recardad, IFf the channel is com-
pletely quiec, enly “Pay Beports™ (every sldalighz)
are recorded, including round-celp delay (Fing-
Pengl. Amy loss-of-channel canditlons are recorded.
Ay changes in Plng-Pang are recorded. Inpuc cae-
mlnals are provided te accept a contact clesurs [rom
the operaciems alasm on an exteenal Digleal Fault
Recorder (DFR). This way a correlation between
moden performance and pewver systen faults or ocher
discurbances can be made, using the time-of-day
clacks In ehe HFTU and the OFR,

Hodem field cescing started In Augusc, 1990,
Tampa Eleccric Company, Souchern California Edison
Campany and Public Service Elestric and GCas Cespany
have parcicipated im chesme tests. An apen wire Ln-
stallacion proved to be unworkabla during nearby
pouer aysten Faules. A& long (300 mile) mulcl-hep
aneleg mleravave applicatlon was error-free during
raarky podver system faulcs, but did ccesslanally ex-
perience fading, or orther loss-of:channel condl-
Elens, which were net coinclidentc with faulets or
ather power systen dlsturbances. # leased-line ap-
plicacion has experienced high bit errer races
during shunt sapacitor switching operatioms, bur ma
errorTs durlng nearby favles., At che tles of the
writing of chis paper, this leased-line applicatlion
ls undergeing further Investigatiom,

One observatlon regardimg the modem fleld
testing: the great majericy of nlocrowave lozs-of-
charnmel conditlons, and all the leased line high bit
errer rates durlng shunt capacitor swicehing, o2
curfed in only one directlon or the ather, Im acher
warde, both clreouite (outgoing and return) dld nao
Fail az the =ams tims, This remdds Te auppar® Ehe
concept, previously mentloned, of treating the out-




gelng and recurn clyculcs as effective “dual® paral-
lel chanmels: in case af fallure af che charnel Ln
one directlon only, trip at one termimal on charge
copparlson and sequentlally trip che echer terminal
on logs-af-load.

EOECLIS 10N

This paper has presenced the basic concepts
of s digleal approach to the cosmunications requice-
ments of & mev tranazission line protscclom achame.
The three majer communications-related problem areas
of econwentional current differemcial relaylng have
been addpessed and, In large measure, Tesclwad, In
many tranegmleslon Line applicaclons, the resulting
pretection schesa, called charge camparises, offers
a viable alcernative to the nmore Eradiclenal
distance-basad pilot relaying schemes.
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Discwssion

Jo G Andrichak, G E, Alezander, M. G Adamiaks amd B O Pattersns
(GE Meter and Control, Malvorn FAY The suthess are apain 1o be
crngratulaied on a clever wse of digiogl communscaimnns in the inkegra.
tianm f @& now current differentinl technigue. The discussers ask the
authews 1o commenl an e lolliwing aspecis of their papor:

The authors make ibe siaiement Lhal “clarpe companison 5 ool
imended Tor wse owver o molallie palon wire™ citing reasons such
awailability of copper pairs, snduction from faull currents, and GPR.
Yel in the mexl paragiaph, the authors recommeond osing “Analog
wisice circuils over leased Lelephone lines™ which are typienlly copper,
cdten run parallel o prser lines, and afe subject w GPR. Couwld (he
authirs comment on this apparerl NCENSSIENCY,

The awlhors make referonee sgain o the paper “Mica 500KV
Prodeetion™ (rel. 31 and cite the use of positive hall cycle Lransmission
fof phase inlasmation and negatese holfl eyele for pround information
In the cited relerence. dual phase comparizson was implemented via a
combinatenn primary and beckep commuencation sysiem. One of the
requirements of ke system, howeser, was high speed single phase
tripping. Coubd the authors comment on how high speed sangle phasc
selection s acoomplished in their relay as well as whal the speed
ponalties may he.

Manencript recenved Fobruary 19, 1991
M. P. ALBRECHMT, ¥. ©. FLECK, K. J. FODEROD, R. J. IHCE

The suthors would liks ts chank Hy  Rockefeller,
Hr. Cheetham and Hessre, Ardrlchak, Alexarndar, Adamlak
and Fattersom for thele Interesting commencs and ques-
tlons.

Hr. Hockefeller asked about the “UHE® (Ulces
High Speed) loglc. 1f the instantaneous cuerrent
exceeds 12 A [(posicive for phase, mneagative [or
residual) peak for ? ms. then a high-priosrity sessage
1s sent te the other termimal. The receiving terminal
asserts & trip signal unless it sxpeciences At least
cre sample of 10 A or more, of opposlte pelasity, owver
the same real tlne s the 17 A was saspled, A moving
*time window® (g melectsd at the receiver Barminal, Ea
azaure praper cparaticn for bkoth eripping and Blecking
Lo cha predence al lepfoper charmal delay compensabion
[up co +& @ma), IF ehere e 17 & infeasd 2o Ehe fauale
At boch ands, the cpafaticon ls the same art bech Ear-
minals. IE the high curfent le at ape eml only, Cham
the sctrong cermimal 1& Ecipped by a “CCT-U" {Charpe
Comparlaon Trlp-Ulelmate)] msszage which ix sent frem
che wedk cermlnal.

The UHS ereaces & bhfeaker Eflp slpnal in as
liccle as 81 me, [ncluding 4 ms for auxiliary Erip
rolay oparatlion, whem wusing a 5& K channel. The
authots ballews that this trip time Ls close enough to
1/ cyele to allow the use of the term “UHS". Mhen
used over a 7.2 K channel, the Eastest trip times are
about 1-1/F eyeles. This certainly does noc quallfy
&3 "UHS", buc we didn't want o use different teras
for T.2 K ard 36 K systoms.

The UHS message is senc before the normal “COD"
{Charge Comparlison Data)l message, which musc walc for
the end of the half-ewele. The CCD message 1s also
sent, a5 a back-up o the UHS sigmal. Either message
can cause tripping.

The 17 & peak level was selected becouse the res
egquivalent (approximately % A) is well above peak
load.

b offser wsually helps UHS tcipping, but some-
cimes can cause a aharc delay due o a "mimer leep”
[short halfseyele) rhart doees not ewoeed the 12 A pealk
lewval.

The UMS fer chree-termimal lines {future
software) will requlre appreximately coincident
recelpt of UHS messages from the twa remcte terminals.
The recelving cerminal will chen lock for a large
negative current over Che same Teal time. 1f this
bloacking action doss nol oScur, tEhen Eripping ocoCurs
Just a3 in the two-teralnal Line applicacion.

Hr_ Rockefeller masked about A/D "averflew™. The
communlearion chanmel limles at 15%:37% A peak. There
are sin message bite mssigned co magnitude, so Tesolu-
tiom Es 174 A peak. The local current resalution is
18 &.

Mr. Cheechan has sepgesced chat the 56 K design
has been compromised by adaprimg this design from Che
.1 K wersion. The suthaors agree that chis 1s a
reasconable assumption. Im faec, Fage % of che paper
atates that "- - - cthe sriginal fear was Chat the
deslgn Ler ehe higher bit races would be compromised®.
HoweweT, The paper goes on Eo say “"Thlis fear 1a
unfounded”. It turmed aue chat che short word mesdiags
structure and the telerance for large errecs im chan-
mul dulay compensation, both of which are regqulred for
7.2 K, a¥a alao wery advantagerous when working et 56

K.
The auchera agres with Hr. Cheethas"s ob@srva-

tlen chat "« < « the moare independent features - - =
tha mefe dilficule Ehe soordinationm - - -,  Hewsvaer,
the number of extra features that we added Eo the
basic charge comparison routimne is actuwally guite
small. The major added funetions ave!

* s

* Weak Feed Trip

*  Zero Current Heddageds (Simllat Eo open

breaker keying in a pearmissnive schesa)

* Double-Excurslon Imhibkic

When compared te oather pilar relayiog acheses,
the degree of complexicy 1s accually very mlnlmel.

The use aof a half-cycle Fast Fougrier Fileey was
consldered, Indétaad, we slected to use chaiffe
mxasurenent, based om high-rate sampling (2 kHz) ef
inacantanscus curcent. Reasons:

# Himic fllter mot required.

# Yo sample asvnchromously o che power system

CUTTENL.

* Simple computer algorithm (addition inscead

of square roocs).

Three-terminal lines {future sofcware) will pers
form the equivalent of & phaser additien af the Cwa
receivod remoCé CUTEENCE. This Ea deore by & relas
tively simple look-up cable thar eakes angle ALF-
ference imco acecount (based on Che adjusted recalved
Time-Tags of wach recalved curcent mEERAEe ], In ef-
fect, this achieves the "full Vesrtar information®
cransfer af suggeacted by Mr, Chesathanm,

Messra. Andrlehak &t &l paint ouk that charge
comparison L& "pet Intended [for use over metallic
pller sige®, but is suitable for “leased telephone
Llines®. The authors agree that this may be viewsd as
an apparent [neenslscency. Dur ameswer 3 chac whan
used aver a leased Eelephone Line, “SF0-A" [(Seyvice
Farfefmance Ohjectlve - A) limea, anly, afe Fecem-
warlad | In egday wa quallfy as SP0-A, tha line musc
be frea af interference “belore, during amd sfcee”
power averem Faulrs, In srdar Eo mpeat Chis requiras
menc, the telephense lise will pechably not zeEfve as &
"mecallic ancerma® from one subacaclesm ©e the other,
as plloc wires da. To meet an SPO:A sequiresenc, the
leased celephone limes that are used for charge com-
parlsen will probably be rTouted through one o mooe
contral offlces ard will contaln some monmetalllc =egs
munts which «L1l sszve to bresak wup the ‘:qun.d PECER-
tial rise and the lengltudinal inductiwe Intarference
problems assoclaced with setallic pileot wires,

The authors agres that the conference paper 'h}'
HMr. Lefrancols {Bef. 3 of che paper) describes a dual
proteccion arrangement whers the prlmsry and back-up
are opposice polarities. Charge conpariscn uses only
ene gcheme, =0 Fingle-line-co-ground fauwlts will
develop a trip smignal on every half-eyele, with phase
eelpplng amd fedldual evlpping altermatling., This Lm-
creducesr & paxlmem Ralf-eycle spesd permalty for
flngle-pole cripping schemes, buk no pemally for
chraa-pole Eripping schemes.
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