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SYNOPSIS

For the past few years, Junction transistors have been widely
used for power system pfotection. Because of their reliability,
long life and high speed of operation, they have replaéed thermionic
valves to a great extent. Only recently, Junction transistors have
been used for phase comparison carrier protection. It is seen, that

' = nos ?
high frequency, high power transistors, which areavailable,

make it possible to obtain the required level of carrier output

power.

One of the most important aspects of phase comparison system
lies in the choice of rélaying quantities, Selection of such a
sultable network has been made, which produces all the relaying
quantities simultaneously, while using only three main emrrent
transformers. Within this network means have been provided fof
an easy variation of the proportions of positive and negative
sequence components in the combined sequence output. A filter
network has been used to eliminate the d.c. transient and harmonic
- components. Two successive equipments have been bui%&fand

thoroughly tested,
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1.1 IVRODUCTION: TO CARRIER CURRENT RELAYING:

The use of porer line cerrisr oripinated long back in 1918

put it was not apolied to protection purvoses till 1928. Power

. . ‘\%‘( n " e ) , amd s £
line carrier ha§? ecome an accepted me”ium for the transmission of
intelligence for Hirh-3psed Relaying and scveral other functlons
between stations on a power system. Because of its versatility,
it has been apnlied extensively to transmission networks of all
voltage classes and all degrees of complexity. Viewed broadly,
the situation is that with long lines, the transference of informat-
ion from one end to the other end is uneconomical for a uait tyvne of
protection if conventional pilot wires are used and 1t 1s possible
to justify the cost and complexity of transforming infornation by
means of carrier channels on the power conductors. Recent incr=ase
in the use of poer line carrier equiomeant is directly connected
with the incredsed load due to the power industry develonment =2nd
the development of long distance interconnectors on power grids.
High speed protection, obtainable on long lines only through the
use of carrier pilot relaying, increases the stability limit of
transmission'circuits so as to permit increased loading of exist-
ing lines. This factor alone, vrovides large savings in cop»er and
other transmission line materials which, otherwise would be reguired

by new construction or by the use of double circuit lines with

slower relaying.

The major vart of carrier equipment used for the protectim
forms part of the composite carrier communication equipment. Latély,
transistorised audio frequency shift equipment has bzen employed
for vrotection along with the single side band carrier comnunicat-
ion equivment. Trequency shift technlgue is used to get oﬁer the
oroblem of interfersnce and to nrovide continuous supervision of

carrier equioment. Iaterferencs problem can be solved by using
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high power amplifisrs and reducing the sensitivity of the receivsr.
Relirbility and convenience of carrier teleohone circuits for
daspatching nermit existing =enersating and substation equipment to

be operated nearer to maximum load and efficiency conditions,

Pilot wire relaying is particularly suited to laree metro-
politan areas where line sections are short and heased or private
nable circuits are available. TFor longer pover circuits and inter-
cornsctors, carrier current+ protection hds an economic advantace
in addition to the additional functions that it can provide. Wo
other equipment generally provides instantaneous and simultancous
trip»ning of widely separated circuit breakers for all tynes of
faults and all fault locations within the zone of Drotéction. Such
hirh-speed isolation of the fault contributes greatly to increased
continuity of service of minimising fault damage, reducing ou-age

time and ennerally improving syster stability.

Carrier current equipment has greatly increased in raliability
since i*s “irst develonment. hermionic valves, althourh greatly
improved, have been the chief cause of outages, mless o careful
ch~e’t 1s maintained on the tube performance, so that projner raplace=-
ment can be 1ade, failures are certain to occur. Hovever, with the
7eveloonent of transistor teschnolory, this difficulty has heqn ovor-
come. 7y thelr verv nature, transistors give prbmise of long 1life
and ther~fore = mesans of eliminating the major cause of carrier
f~ilur2 from tubes. ™he overall omer~ting time to triv the circuit
hraa’ars at Hoth dnds has besn reduced to 2 cyzlzs or lesser, by the
2o9lication of *ronsistorised equinment. One such systen has beon

dascrihed in det il in the folloring chrpters,

L G [AR R S I T ey e . ~ Ly - E S oere
LeZe IOTTAAL T TIRLINTS OF CARRT AR ATV T vy .

In cerpispr curraat relaying, tha nriaecinle of over~%ioa i3
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soravhat sinilar to the type of differential relaying employed in

nilot ive relaying. 3But, contrary to the co mon nractice in pilot

uire relaying, a quantitative commarison of the currents at the o

ends of the line is not nade in carrisr relaying. Iastez? the
gimplest sicnel is travsmitted, that 1s, the carrier is eithsr on
or off, Tence oner~tion js 10t adversely affectc? by coasiderzble

var“ationr in the streagth of the recsived ~arrier sigaal. fire.l.1

siivrrs sehenatically thz equin=mant required for s carrier current

reloying system. At each end of the nrotectsd transmission 1iae,
thore are orotzctive reloys, a transmitter-recsiver unit, a cousli-

carrcitor, line trep and line tuner,

Tha fdanental repnironent imnosad By thr vdower syston is that
the =mconis msed to zdapt the circuiits for carrinr choqisls 3271 no%
in eay ey iaterferz ith the nrimeory function of the norer tr-asais-
sion. 4t the same time, tb attain the desired decree of reliability,
the carrier channels established shonld be free from interference or
interrnntions caused hy the switchiag or no»mal over tioa of +he
nover systém and transient disturbances attributable to lirhtnia~ or
other ceus2s. It is also essential that the carrispr ciremiits ahonl”

92 512y Th £ ois, thev shonld pe adequat:ly insulated aad srotectad

Abl

e’ nst o wrmul and abrormel voltages aid cu-reats so as to itmose no
bezzard Lo 2oniectad anmdraratus or to nersonnel usine and ialntoiniae

L anudonent,

012 27 "Ly ~ost dmvortant factors is thh ide 41 '“er-sca Hehrrana

Ny - Dim gy ey 2 . ) .
Frz verer "ehansaey And eorviir eurank frannsagr,  Timenidt ala aabg

-

- -!rT

P0Ta Y acatns vnfich offor vary lov- fmoidones Mmoo ths Ra morran
Toteanten e npazar o5 very Weh Ivaol etz 2t carrisr “ragusacies
-

21’ vien-vynvrsa. nis oheem2 01 is larpnly respoasibls for the

Mran dnoatas cvbh Slah s gttt o~hid th5elf crith tha yorrap ling
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corriar.

The ohysical ~nd =scoiomic restrictions imposed by a high voltare
horar system limit the devices th-t can he inserted directly i the
porer line to assentially oaly %o, tha coupling capacitor =nd thc

line trzp. A& little aay be now said about the liaz counling.

1.9.1. Linz Zouplincs

mhare are several ways to couple the carrier terninal
a~uiomant with the line. Some of these, ~thich are most cowmio1ly

o nloyed arzs descrioved below,

1.2.1¢1. Single Taternh:.se counlings

Single intarphase counlin~ as shown in Fig.(1.2) usocs tro
of the three pover vnases of the traasmission line as a path for the
carriar 2Merey, consaquently, it is not affscted by hi~h ground
rasistances or vari=tions in the esround rasistance as in any other
tyre of counling ~hielt requires a grounde return path‘for the

carrier 2nergy.

In an internhase counled carrier circuit, conditions on the
nince “riras to "hich counling is not ade have nggligible effect on
the onerstion of the carrier chsnnel, In addition, this type of
coupling nrovides a circult having the most stable onerating charact-
eristics, thr lovest atteamation and thz lowest noise level, Its
nrincinal dAisadvantage lies in the cost and the construction complexity
involved in oroviding coupling and line trans for t7o nhrses throu~h-
out the circuit, as well as the comnlexity of the lins-tuning 2cuip-
nent at tarminals and »Hy vasses. Tt has bzen nused most oxtzasivaly
for lon~ hanl circuits "there its efficiency justifies its hirhnr

~ U=
cost, )\
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1.7%.1.2, "ronnd 2sturn Counlin-:

gLt
v

nround vatura coupling utilizes onlv nne nuvse “7ive o7 taez
tronsmission 1line and srond or any other suitarle nath for thes r2turn
side of th: circuit, ~s illustratsd ian Fig.(1.3) If good rrounds are
vresant <t the carrier terminals, or if a ground wire 1s carried
betwann tha tarminals, this tyve of counling comnarss very favour~bly,

i1 resnect tno line attenuation losses, with internihrse counling.
)

mha ariacinal advantage of ground return coupling is th~t ig
panerally racuires o1ly half the number of counling canccitors and
1ine *trals as reoulred for full metallic counline as intormiaasz. Ia
sddition, the line tu=ning equipment required at terminals and »y-
nasses is usually less comnlicated, Its main disadvantage#'is its

somawhet hisher attenuation and high~r noise level as comnared rith

the internhase circuit.

Tor nany typves of carri-sr channels, the disadvantages of the
ground —eturn circuit are greatly outweighed by its simplicity and
lower cost. t is almost universally used for.all pilot relay
ch~mnels and extecasively used on medium and short haul circuits for

all other tynes of carrier chan<els,

1.2.1.3., Intarnuase-"01mlines

"hare a double circuilt transmission line is available between
carrier terminsl stations, it is sometinmes désiréble to use both lines
for the carrier circult to easure its continuity when &ibher line is
taten out of service. Th2 intercircuit coupling arrangement shown in
Ti5.(Le4) is usad son~times to nrovide this feature.

s
This is a form of intorohsase coupling in vhich couoling is made
to one nhose rire of oneg line and to a gifferent vhase *ire of the
PSS e

othar line of a doubls circuit novrer line. It is only anmnlicable on

double ecircuit lines -rhich =re incavable of beins scctionalized between
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the carrisr tesrminals. ”here a suitable frequency is available to
narrit “he onerntion of the carrier channel -rith the incre=sed
nuﬂberqswitching,configurations possible on the double line channel,
as compared with a single line channel, this double circult type of
coupling will »rovide uninterrupted carrier service with all p..ases
of either line solidly grounded at any point. 1In thiS'reSpect,‘it
+ri1l provide most of the advanteges of double circuit interphrse
counling but with half the couvling cavacitors and line tuning

assemblies required by double interniirse coipling.

1e2.2. Coupling Cavacitors:

Covering a coisiderable range in dielectric material and
physical shape, the coupling capacitor has attained the status of a
standardized and highly dependable piéce of eaquiiment, universally
accepted as the standard means for connecting carrier’circuits to
high voltage lines, In its modern form, 1t consists df an assem»ly
of one or more ﬁorcelain shell, o0il filled paper dielectric cavacitor
units together with a base unit containing a groundingz switch and
prbtective equioment. The individual capacitor units are co-ordinat-
ed as to capacitance and voltage rating, so thot they may be connect-

ed in series to form assemblies for any standard circuit voltare.

The inclusion of the protective equivment in the capacitor
base 1s now a standard practice., This protective equinment usually
consists of a gap and a nower frequency drainage coil as shown in
Tir.(l.1)s The drainafe coil ordinarily consists of an imductor
connecting the low= voltage side of the canncitor to ground. This
¢nil which has an impedmce of over 50,000 ohms at carriecr frequenc-
iz7 »nd le~s than 100 ohms at power frequencies, serves to nrovide a
v2th Tor th2 power frequency cuﬁreht of B0mA or so through the

canacitor to ground and thus meintains the lead to the carriar
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equisment at a normal vow-r frequency of less thad & volts. The gap,
which 1s con1nected across the drainage coll, limits the voltare
‘hich can be built up on the carrier lead during transient voltage

)

disturbances.

from the standpoint of power transmission system, it 'is essent-
ial th~t the insulation level of the capacitor assembly, in terms
of inoulse, wet and dry flash over withstand voltages, be coordinated
With th~t of assoclated nower line apoaratus. From the standpoint
of the carrier circuit,it is desirable that the capacitance be as
large as possible, consistant with an economic design, Preferably at

least .001 AF,

Also, from the carrier circuit standnoint, it is essential
that the carrier lead brought out from the base of the canacitor
assem™ly be ell insulated so as to maintala low capzcitance and
hich ieakage resi=tance to ground between the capacitor and the line

tuning eguinment.

1l.2.3. Lina-Trans:

In its simnlest form this device consists of an air core
reactor rith a fixed or tooned capacitor connected in parallel to
form a parallel resonant circuit. It is used in series with a
conductor of the traismission circuit to orovide a high impedance
or trap for the currents of the carrier frequency to which the

resonant circuit is tuncd.

In this »osition, th» reactor of the trap nust carry not only
the normel linz current but 2ll abrorwel or short éircuit curreats
that thn lino itself is expected to carry. ITits position in the line
also avmosas it to traisient hish voltage “isturbonces attributables
to lirhtaine and gwitchine, and adequate lirhtning arrestors must

he nrovife? scross hoth cevceitor and raactor.
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Prrctical considerstions of size, welrht and cost have
limi+te® largely the maximum inductrnce available in th» line trap
reactor to as roximately 250 micro-hesnries. Vherg it 1s necessary

1 ’to trrn more than two widely senarated channels in éingle line

conductor, additional *“raps are generally used.

Yore smecifically, the priaicinal apnlications of line traps
may be listed as fTollowss

1. Mo reduce transmission losses in irrelevant branch-lines.

2. To 1inimize the effect of low imnedance chugts.

3+ Mo vrevent interruntion attributable to extsrnal faults or
intantionally conlied grounds.

4, To isolate tho carrisr che11el effeectively.

1.2.4, Linz-Taners:

This equivnment, lécated in the circuit between the counline
capacitor and the carrisr terminol ecuivment, nerforms the primary(
function of tuning or resonating with the capacitive rzactance of
the coupling capacitor to nrovide a low loss vath for carrier
frequency between thz terminal =quipment and the sower linz., The
combﬁnatioq of th“lline»tuminp 9aﬁipmeqt and counling capzcitor may
h2 thought of as forming o filter of the band »nass tyne, passia- or
offerias a lor loss poth "or the d~sired carrier freguencies or

chrnnels and rajectine or offaring a hi~h loss path for the power

freauency and undesired frequencies in the carrier band.

The most commonly used line tuning equipment is available in
standard units, having various arrangeneats of variable indictors
and ceoreltors thet can be combined to form rasonant eirenita <or

onn or mo~~ channels in the 1ormal rance of 50 to 1307,

In its simslasy Torm, for a sincle fraqu-ney or cnannel, the

line tuniae ~~uwisert vy consist* of a sin~1» v-riahle j=9nctor
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connnctad in earies with the coupliag comoeitor to form a scrics
rgsonant cirenit for tho carrizr froquency used. 3uch a circult

is smor in ™e.(1.5) “there for simmlicitv o eround return circuit
is assued. S3ince ths vortion of th-2 circuit batveen the cenacitor
and the line tuning inductor oner-tes at hi~h carrier fraguency
jimnedonce (to ~round) it is hi hly desirable thot shunt cavacitance
or leakage to ground in this lead b2 kevt to a minimum for meximum
efficiency. Tor this reason it is usuaily desirable to locate the
line tuning equioment as close to the counling canacitor as vossiblae,

4
in order to %een the lenpth of this lesal-in conductor to a minimum,

llore recent practice is to install all terminal equinment
indoors and to carry the circult in from lino tuning equiomant

throurh a special 1lowr loss concentric cable.

l.”7.5. Transnitter-3zcaivar qut:

The transmitter-recelver unit rossmbles a sirple radio-
telegraph trensmitter and receiver. The trensmitter consists of
2 ~aster oscillator and a nower awplifi-r. Its butbut is from 5
to 70 watts at a frequency -rhich may be adjusted to any value between
50 and 150 ®ilo cycles vor sacond, The outmut o rec=siver goes to
the g;;tqctiVe relays. Tach recosiver on a tvo terminal line is
tuned to the same frequency as the transmittor 2t the other terminal.
“lther the same freguency nay be used for transmission in both direct-
ions or g different fréqueqcy may be used in e ach ﬂirection if this
is “7esirad for the non relaying functions of the carrier channel. On
e mltitariiaal line, however, all transmittzrs and receivers should
be tuned to the samo frrquzaey so thot cach rsceiver --ill r-svwond %o
the “rnasmitter at any oth r termiqal, and incidently to th~ truais-

mitter a2t the samz teprmial.
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1.2.6. Carrisr-Trahusncys

"ha fraquency rang~ from 50 to 150 -ilocyecles »er second
nas been rocoraised as staadard For nower line carrier equinaent
for a number of vears; for this reason, the bulk of application
effort is devoted to carricer ch.nnels i2 this range‘only. There
are several factors that should be considered in selecting a
frequency for a new chennel, If there are alrcady carri-r chaniels
in use on th» system or on adjoining interconnected systems, the
question of vossible interference with these othor channcls is
usually of nrimary imwortance. The svacing of chai:els is largel+
devnendent on the tyne of chaniels iavolved, the selectivity
characteristics of the carcier feceivers and the carri=r nower

levels.

For some tynes of channels such as are used for single
frequency’ggrty_%%ng_teledhone systens, reflections attributable
to untrapned bwanch"ljnes‘or short tap lines may 1limit the choice
of frequenciles that -ill give satisfactory traismission between
all stations under a variety‘of line configuration conditions.
Often, in these casss, 1t is necessary to naks, circuit freguency
characteristic mecasurements before the hest frequency can be select-
ed, Tor ﬁost medium and short transmission lines, however, reason-
able judgement in the wuse of line traps will usually vermit a wide
choice of frequencies. In order to reduce the interference on the
ad jacent carrier systems to a minimum, a carrier frequency map
shonld be maintained from +thich all new frequency allocations are

coordinated.
1.2.7, Attenuations

The attemation or dissivnation of the carrier freoiency
1erey in the course of its transmission from a carrvier trans-

mittar at ons terainal to a carrier recsivar at another terminal
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may be considered as analogus to voltage dropvin 50 cycle powver
tro-nsmission. An attenuation of &0 db, is not uﬁcommon in tr-ns-
mitting carrier enerpgy over long lines. 'fith this amount of attenuat
ion, a transmitted vovar of 10W "rould appear at the receiver as only
0.001 ratt. The vriacinal attenuation commonents have been described

in the followine lines.,

Le?e7ele Attenuation in Lead-in Cable at Transmitter Terminal:

This component is the loss in the coﬁcentric cable between ~
the tronsmitter terminals and the ferminals of the line-tuning equip-
nent or counling equipment.- “hen the line tuning equivhent is locatec
rith the counling cavacitor and the cable is pronerly matéhed through
an impedance matching transformer at the tuning unit, this loss is
determined by multinlying the cable length by the attenuation per
1000feet indicated for the carrier frequency selected%

"lhen both the terminal and the line tuning egquivment are mounted
torether and are located near the coupling capacitor, no loes is

included for *this commonent.

12742« Lina Tuning and Counling losses at "ransmitter-Terminal:

The losses in the line tunineg and coupling equioment will
vary sonevhat ith the complexity of the tunipg circuit and the
frequency used. Toever, since this loss is small and usually less
than one decibel, the usual practice is to take this loss as 1 db.

The same holds good for such losses at the receiver torminal.,

Le2.7.3+ Transmission Line Attenuations

The attentvation of the carrier energy, in transmission
over the power line itself, is influenced by a number of factors,
orincival 2mong these are size, Shacing, insulation, and disposition
0” line .conductors, the carrinr frequency nsed, the tyne of counling

used, that is, whether it is grouid return or intervhase and so on.
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Tor practical nurnosns, some 07 these vari~bles can be 1eglocted
, : 8 . .

ahd others combined to “orm a set of curvss, vhich give attenuat-

ion in @dbs ner mile of trawswission line correspondins to the

carrier frcquency chosen,

1.2.7.4. Attenwetion Lttributable to Connectzd Pover Arraratuss

tost high vdltage nower transformers ap»oear to the
carrir cirenit as a relatively hi-sh cevtcitive rzactance, and a
line terminating in a transformer behaves at carrier frequencies
es=entially as though it were terminated in an open'circuit. ISuch
a small anount of cerrier cnergy is transmitted thrdurh a trans-
vformer thet 1t is seldom necessary to trap it. It is most convenien

to iiwelnde this small amount of loss in the line loss itself,

l.2.7.5e Attenuation in lead-in Cable at Receciver Teorminal:

This loss is also considered in th» same ray, as the loss

at the tronsmitfer tasrminal as indicated vrevionsly.

1.2.7.6, !Mltinlrine factors:

Tha i1crease 1n attenuation of a power line carrizsr cireuii
as a rasnlt o7 Tormation of ice, snow or frost on ths line conducto.:
2t ia3710%07s has ot as yat seen “eternined accurately. Horrever
th~ most s-~tisfactory method of accomodrting these veristions is
thronh the wuse of multinlyine factorégrangiqg nearly from 1.2 to

1.7.

1.3. ZYP .5 OF CARRI IR CTTRRTIT LAV 'IC 3NHVIIS:

m

hern ore two nain schemes to e1hloy the carrisr current
w2lnyine for th2 ovrnose of protzction. Thassa arc, th» Dirasctioncl
cormariso: ~nd thn nhase comnsrisol relayiag. Tach of theso has

hoen "iscus-ed in the folloria~ lines.

1e3ele Dircetionsl Zomarison Schemes

Wf.w",x, - LN " . . »
vrior wilot relay sclizans of the direcetioinl comarison tvme



(13)
onvnraty aceonrding to the “ollowins nriacinle.

T'oon 'h» occurrence of fault, ~ith:r i1 the nrotecte? scction
of line or in a nearby scction, non directional “ault destector relays
ara actustrd at each line terminal throuch -~rhich nowar is fed to the
fanlt., "en fault cdetector r~lay turns on the carricr curront
trrsdit 2 ot its own terainal. If horever, the diractional rzlay
2t =ny tormianel shows that the fault 1s floring into tha arotected
s2etioy, St w2lay turas off th- coarrier current tronsnittsr, The
arz2seze of carrier o1 the line serves to nlock trinying -t all

)

“erminals. Tvriars an externel fanlt, norer vill flow ot 07 ths
112 at onn terﬁidal, and a carrier sicnal transmitted “ro~ that
ternincl ill »revent trisnine at other terminals, ~tore 9 sr ds
Tloriac din. Ywriac an iaternal fanlt oa the ofMen T en? horear il
usnsVv “lor iato the line “rom all Z2rmincls, "iﬁﬁ.thv rasult thaot
~11l carrisr Lreqsnitters rill ha turzed of f an¢ the r:love of <11
taratanls i1 bha froe to trip iasicataneously. If, at th~ ting of
an iat:rnal “avlt, a breaker is already oven at one terminal or if
there 1s 10 nover source thare, *then the fault atector -ill aot
turn on th~ carri-r traasaitter there, thus tri»n-ing -rill not bheo
orovoate’ My the Tret thot no nover flors i1 &t ghot tormianl

o moltr e Tioceetioanl ralay tira 07f fthe corrier troastiittac

e, ™o nilo” e i g bloe'tiag nilot, siier tha rocantion of

e

2 07lok sicanl Yn ant maaired fo weroit tripoing

™ Mractional commarison carrier pilot relay schemes in

«©

currsnt use arsa bwilt/sround standard 3-zons step tync distanc

relrys.  "hese relays aet in the nsual manner o clear the “irst

zo12 Taults iastantaaeously, and for back up »rotection, to cl-ar
Shird zone fa-ults with time delay; but time delay is avoided for

end zone nhase faults throush byvassin- the second zone timer
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contacts by carrier controllad contacts. Secparate carrier and

back un relays are used for crouni ‘aults.

1.3.2+ Phase Comvarison Scnhzmes

Phase comparisoa relaying equipment uses its pilot to comrare
the phase relation betwsen current eatering one terminal of a tmns-
mission line section and the current leaving the other. Like some
nilot wire :relays, this scheme utilizes a single vhase relaying
quantity, ~hich is ohtained by lineer combination of the line currents
throupnh a filter circuit. The phase difference between the relaying
quantities at the onnosite =2nds of the protzcted transmission line
determines whether the circuiltf brea%er should be tripned. During
nofﬁal conditions or during sxternsl faults, the currents eatering
the line at one end are substantially equal to those leaving the line
2t the other end, or in other words, the currents entering. the line
at one end differ in phase by apnroximately 180° from those entering
the line at the other end. During an internal fault, however, the
relaying quantities at the two ends of ths line have some other vhase
difference (usually near zero). The existence, at either end of the
line of a relaying quantity large enough to indicate the nresences of

a fault will trip the circuit breaker.

The existence of a fault of any tyve of the protected line or on
a neiphbouring circuit produces a large enough 6utput from the filter
to actuate a fault detector rolay. This relay_turus on the Carrier
current troiasmitter, ~hich, howewer transmits only durins alternate
nalf cyveles. If the fault is external, the'transmitﬁer at the other
end tronsmits during the half cycles when the local transmitter is
inactiv~, aad a blocking signal is received all the time, allernately
from the near end and from the far end. If the fault is internal,

the carrisr signal receivad from the far end mors nearly coincides
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with the local sifnal, and there are substantial vortions of each
cycle during which no blocking signal is oresent. Under this condit-
ion, the local circuit breaker is tripned. The same action occurs

at each end of the line unlzss the fault is fed from only one end.
Vitn feed from one end only, no carrier is transmitted from the

other end, and the breaker there is not tripned, while at the feed-

ing end, no blocking signal is received and the breaker is tripoed.

Inform:-tion regardia- the ohsse angle of the dgrived current at
each end of the system, is transmitted by a carrier signal modulated
by square waves of equal mark/space ratio, the carrier is thus inject:
ed into the power liaes at each end simultaneously in blocks corres-
ponding to alternate half cycles at the power frequency. During the
half cycles at esach end when carrier is not being transmitted, trip-
ping is locally effzcted uanless it is blocked by cérrier received
from the remote end. 4an arrangement is commonly adopted in which
the blbcks of nodulated carrier injected at each end are in vhase
opnosition for the case of through fault; blocking carrier is thus
recelved at each end during its tripping half cycle, and tripoing
does not take place in this condition. In the ideal case, the
blocks of the modulated carrier appearing on the line from each end
are coincident for the case of an internal fault; tﬁe circuit
breakers will operate since no blocking signal is received during
a tripoing half-cycle at either end. These arrangements have been
indicated in Fig.(1.6).

l.4. RILATIVZ PROPERTISS OF DIRGCTTOJAL AND PHAST ZOMPARISOIN SCHEI3:

On the surface the directional comparison scheme appears more
complicated, but this is because -he back up elements are combined
with the carrier elements. Disrecrardiar back up elements, the

directional coanarison scheme has more mzachanical narbts and contacts



Section1 ¢t l CT  Seclion 2 cT 1

FR’J} Im /}E—o,ult Localion W

t

-
o
3

Fed
ot
pr
[+

%
%
>
%

o
~
H 1 T
e+ e i e o pd e e s —
e e e ———
. A
—_—
—

}
f
, |
| | P I |
| ! ! l ! :
- ; r 4 ¢ 1 r
SaRREmil
b | ‘ | L
[ SN A
1 | , A A DA
tdltL L -| —~{ T 1 + —r 1 —~ - -T Lo
| 1 L ) | L] L l—-.-.a
C o0 o B
i 1. | L |~—_l 1 f | f ‘F-l { —_l
&) | | | | [ IL J _ 1 ]‘ q’
| o ey A
|| | l | |
' | | Lo o
o o A B S A
d : | ; oy | | 1
- l I el S A > I i - —T——»—-o * i ! B ¢ - '
| I O [. ! | o ) l | |
1.6 A‘(Yanﬁlement of Can'i.er and Modulo.t’mg Signals

B
o0

__for a_Phase Compgrison Co.rrigx Exg'tegt; an

A) External Fault Condiion.

B) Triternal Faull Condilion .
(a.>Fault- erenJ(- gd ) Received Carrier.
b,Local Fransmilled Carrier (&) Phage Compardtor Ouitpul..
LC;Tﬁppmcj Half Cyc(es. $) Final "mppwj Sigml.



N

(16)

and fewer 2lectronic circuits, wnile the phase comnarison schme
has fewer mechanical clements and contacts and more electronic
circuits. The choice of systems o2 this score alone is largely a
matter of vhether one prefers electronic or mechanical parts. On
the basis of equivalent back up protection, the two systems occupy

apnroximately the same amount of switchboard space.

The absence of inherent back_up orotection in the phase compari
son scheme 1s an advantage in apvlications where the carrier system
is used to surplement existing slowver sneed relays. There is merit
in having two independent relay systems, with the phase comnarison
carrier system as the first line of protection and another system

for backup.

A major asdvantage of the phase comparison system is that no
potential traqsformers or potential devices are required for its
operation. This advantage is mullified to a large extent if potentia
sources are already available or if the back up svystem requires
potential sources. Distance type relays, whether used in the
directional comparison carrier scheme or for back up protection
require a source of 3-phase potential on the vrotected line or the

associated bus.

Because .the phase comparison system ovnerates from the line
currents aloné, it is immune to out of step conditions. The
current entering an imfaulted line section at one end is always
equal to that leaving at the other, regardless of system swings.
On the other hand, the Aistance elements used in the directional
comrarison scheme may onerate on out of step conditions or system
swings. This occurs whenever the imnedence, that is, the ratio of
voltage to swing current falls'within the tripoing area of the

rolay.
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Other advantages of the phase comparison schome are its
immunity to false operation as a result of the followings:

1. Zero sequence induction from narallel lines.

2. Unequal closure of C.B. Poles

3. Loss of potential due to blown potential transformer fuses

or other causes. |

However, directional comparison system is thz best suited one

for the protection of multiterminal lines, whereas, the phase compari-

son system has restricted apnlication to multitermial or tepved

lines.

From the two basic systems, the relay vrotection engineer
must select the system best sﬁited to his particular apvlication,
éaking into account such factors és economics, system oberating
requirements, previous experience, and the availablé indications
of faults or troubles. It is these factors that make each relaying
problem different from the previous dnes and ﬁéke éfpﬁéctive relay-

ing as much an art as it is a science.
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2,0, PHASE COMPARISO.J SCHTHES:S

Phase comparison carrier current celaying itself can be divided
into two types of systems, oneutilizing the thermionic valves and
the other employing junction transistors. During the early years
when the nhase comparison carrier current -ras brought into practice
for the first time, only thermionic valves were used, but, with the
advancement in transistor technoloey, the transistorised scheme of
phase comparison carrier current frotection is coming up rapidly
because of the inherent advantages of reliability, 1ong life, quick
operation etec. Both of these schemes have been described in the

following lines.

2e1._PUASE COMPARISOY SYSTEM EMPLOYING THEIMIONIC VALVES:

Fundamentally, the operating princiole of this system is
exactly similar to what has been discussed in article 1.32 in
Chapter 1. The relationship of various elements are shown in block

Aiagram in Fig.(2.1) snd Fig.(2.2) gives a simplified cirecuit diagran,

In order to obtain the best method of combination of individual
prase currents into a single quantity for comvarison, various szquence
currents present during different types of faults are considered.
Since the use of nerative phase sequence current appears desirable
for all types of faults, the equipment uscs negative phase sequence
network with provision for developing a network outjut on three
phase faults as has been shown in Fig.(2.2). This nrovision consists
of thrée phase-ovsr current relays, over tion of all three shifting
the network so as %o introduce a positive phase sequeace component
into the network outnut. Thus the equipmeﬁt functions on three nphase
faults at a current magnitude above full load, but for unbalanced
" faults, phase currents of less than full load magnitude will cause

overation.
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Any relaying system for the general apvlication must provide
high sensitivity during ground fault coaditions. If, because of
possible unbalancedloading, the desired high sensitivity is not
attaiased by means of negative phase sequence current alone, then,
zero phase sequence current may also be used to obtain the desired
network dutnut. This will make the network output df the form
I, + XI,. |

2.1.1l. Descriotion of the Relaying Tgulnments:

All of the tubes are of the type 25B6G like ﬁhose used in
the assoclated carrier current. transmitter receiver. All the
auxlliary relays except the seal in relay are of the‘telephone
type over~ting at thelr normal contact pressures, thus ensuring

reliability proved by long experience.

With reference to Fig.(2.2) the network is housed in a case
and consizts of transformers Tl and T2, resistors Rl, R, and Rg
and Capacitor-cl.. Tl and‘TZ are fed from phasss.a édnd ¢ respectively
and 33 and Cl nrovite a 60° phase shift of the out»ut of Tl SO
*hat, with bslenced load, the voltage across Cl is in phase with the
outnut of Tg, vhich 1s then adjusted to equal magnitude by Roy SO
that, the vector difference 1s zero. Zero vhase seduence current
is neutralized by eround-current +indings, one of hich has taps
for adjustment of X. The output of such a network is proportiocqal
to aegatiﬁe sequence current and zero sequence currents onlv, and
independent of positive sequence current. On a phase to phase fault,
such a network gives the same magﬁitude of output voltage regardless
of which pair of phases is involved. 1In order to provide for a three
phase fault, ovorcurrent relays ian the three vhases, narked as O in
#ig.(2.2) are so conneced that if all threc pick up, they change

the setting of Rl so as to unbalance the network and thus iatroduce
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a positive s=aquence component in the outout.

2e1.2. Amplifier:

The amplifisr allows the use of low burden network by pormit-
ting ic to operate into a high impedance, and provides energy to
drive the carrier current transmitter. Also the amplifi=r outnut
controls the fault detector and nrovides the comparer with a local
vol-aga for comparison with the incoming carrier current signal.

It cowsists of o tubes overating in vpush-pull through an output
traasformer which provides a match with the load resistance consit-

ing principally of the transmitter screen grids.

2e¢le3., Fault-Detectors:

This element is necessarv to ensure (on an externsl fault)
that the network output is sufficient to drive the transmitter and
vroduce an adequate blocking signal at the remote terminal, before
permittin~ any attempt to trip. If ths same carrier channel is used
for comiwunication, the fault detector also serves to traqsfer control
of the channel temporarily from communication to relayiac for the

duration of a fault{

The fault detector, as shown in Tig.(2.2) consists of a voltage
divider resistor, a full wave rectifier, a tube, and an auxiliary
relay for its plate cdrcuit. The rectifier is suoplied from a
separate “rinding on the amplifier autnut transformer. The useof fault
detector tube permits comvensation, by vroper biasing, for the reduct-
ion of the amplifier output voltage with d.c. supnly voltage, thus
vroviding a fault detector pick-up vhich is substantially constant

over zn adequate range of d.c. supnwly voltage.

2+144. Comparer and Trip-Relays:

The comparer makes the decision whether to trip the circuit
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breaker or not, depending upon the signals that it receives.

The compérer consists of a tube, a voltage divider resistor
to adjust its plate voltage and the trip re}ay in its plate circuit.
The tube is mounted on the relay auxiliary unit in thé carrisr
cabinet to minimize the pick up in the lead from the carrier
receiver.to the comoafer control grid. The other elements are
mounted in the tripping relay case. A winding of the amnlifier
outut transformer T4, energiges the screen grid of the comparer
tube, positivé relative to the cathode, during one half cycle, and
negative during the other half cwcle, During the positive-half
cycle, the comparer tube will coaduct and cause the trip relay to
4operate i no incoming carrier currsnt signal during that half cycle
causes a negative voltage (rectified carrier signal) to be apnlied
to the control grid, thereby blocking tube conduction, and coisequ-

ently, the trip relay operates.

2¢l.5. Signal Alarms:

This element consists of a tube, a voltage divider resistor
to adjust its screen grid voltage, and an auxiliary relay in the
plate circuit. The screen grid voltage is adjusted $o that the
signal alarm tube normally carries enough current to pick up the
signal alarm relay. ‘hen carrier current is recelved, the same
ner~tive voltage that served as blocking voltage in the comdarer
is apnlied to thz control grid, reducing the signal-alarm pléte
curreat, thereby causing th: auxiliary relay to drop out and close

the external alarm circuit.

2.1.6. Carrier Current Transmitter-Receiver:

The transmitter is controlled by the voltage on the screen

grids of the tubes, During standhy conditions, this voltage is
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zero and no carrier is transmitted. 'hen 50 cycles excitation
voltage from the network amplifier is apvlied to the screen grid
cirecnit, the tr-nsmitter sends a signal on the positive half cycle
and is definitely blocked during the negative half cycle of the

excitation wave.

"he carrier current -~eceiver rectifies and filters the incoming
carrier wave and thus orovides a vulsuating D.C. blocking voltage
which is annlied to the control grid of the comparer tube. A twin
diode tube is used in the receiverj one of the diodes is used for
the relaying function vhile the other is used to drive an audio-
amplifier for telephone or other service employing audioc modulation.
These diodes operate on opnosite half waves of the carrier frequency
cycle to obtain a balanced load on the reéeiver circuit and to reduce

interaction between the two c¢circuits.

2.2+ PHASE COMPARISOM SYST R SMPLOYTI NG JUICTION TRANSTSTORS:

The problem of apolying transiztars to vhase comparison
carrier protectioﬁ has been investigated extensively during the past
few years. &lthough, in its operation, this schame fesembles the
ons using thermionic valves, yet there is a lot of difference involved
in the circuitgry. There is no question of taking normal electronic
carrier equipment and revlacing it with trznsistor esquivalents.,
Bubstantial economy can be gained by this method, ih addition to
the advantares associated with power drain, h.t. and heater supplies
and the final equipment has got the following features of major
interest.

(a) It is vholly electronic from the starting circuit oawards,
ith the excentlion of the final slave relay, and consicts of a number
of separate functional units each arranged as a plur-in sub-assembly.

In narticular ~lectromagnetic relay arrancements for control of
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carrier starting and also for tripping, which are a normal feature
of valve operated carrier systems, have been eliminated.

(b) Valves have been eliminated in all circuits including the
transmitter- recelver circuit. The valve circuits of conventional
carrier arrangements bear no affinity to the transistor circuits
which have been used, and in many instances they have an entirély
different funetional rolej transistors are used throughout as
individual switches, as phase inverters and/or isolating stages, or
as component parts of trigger circuits and only rarely as amplifiers

and then in such a way that changes in gain are immaterial.

(¢) Means have been adopted for ensuring uniform speed of
operation for any fault within the protected section, irrespective

of d.c. symmetry in the wave of the fault current.

(d) A method can be adopted for utilizing intertripping
facilities in the event of marginal conditions, which comes in for
certain phase angles and fault currents, and in the event of fault

current being fed from one end of the protected section only.

(e) The system is designed for automatic resetting subsequent

to fault clearance.,

2.2.1. Operating Principle:

Fig.(2.3) shows a block‘diagram of the equipment at one end
of the protected section. The outputs from the delta connected
secondary windings of the main C.Ts. are fed to a sequence network
which produces independent positive and negative sequence outputs.
These components are fed in parallel to a starting circuit through
isolating diodes. Whilst a combination of them is fed to the
| squaring clrcuit through a filter which eliminates any harmonic and
d.c. transient which may be present. The starting cirecuit will pick
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up when the amplitude of the negative szquence comnonent exczeds a
oredetermined lewel, er alternativsly, hen both the amplitude and
rate of increase of the positive scquence comoonent exceeds a pre-
determined level, The only ‘ifference betwecen these two starting
arransements is that, with nesgative s2quencs starting reset only
occurs with fault clecarance, ¥Whilst the oth~r method has automatic
reset after a predetermined time unless reset has occured earlier

as a consequence of fault clearance. “hen the starting circuit
picks up it nroduces four stePfunction ont-uts =hieh are fed to delay
circuit, modulated carrier circuit, phase commarator and slave relay
circuit.

The starting innut is preponderant throughout the aniarstuss
each individual unit which is controlled by a startiag signal does
not respond to any other imput(s) unless starting has occured. The
squaring circult produces two square waves, one of these is fed to
the modulated carrisr control cifcuit znd the other to phesse comﬁaraﬁo
for comparison with the derived square wave froa thé remote end. The
phase comnarator decides whether the fanlt is internal and if so it
wroduces outout rhich when fed to slave circuilt 1thich aust have
reccived the starting signal, trips th2 circult breakers. Thae start-
ing clrcuit signal to the delay circuit causas, in its turn, to
profuce a time lagged output sdfficieat to allow clearance in the
normal way. The delay circuit output is fed to the last stage of
the squaring circuit, where it stops only thaz square vave fzd to the
rodulated carrier control circuit. This together with the orevious
2xistence of the startins sifnal, causes continuous carrisr to be
transnitted +shich blocks tripping at the remote end, thus safzguard-
in~ against false tripping vhen an external fault is being cleared.

The same sequence of svents then occurs =%t the remote end and
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continuous carrier is transmitted to the nearer end with the

same effect.

2.3, PROBLEM UNDER CONSIDERATION:

A three phase, 120 mile long transmission line has been repres-
ented by é lumped inductance of about 15 ohms in each phase, which
has been subdivided into three sections of 5 ohms each and further
mid point of each has been tapped to vary the line reactance accord-
ing to need. Similar impedance has also been chosen for the neutral
wire; A three phase, 440V, 50 c/s power supply has been fed from
ﬁoth ends of the line throughthree phase contactors which close
simultaneously through a closing switch. At the middle of the line,
provision has been made to create any type of fault by a fault switel
which operates a fault producing contactor. Indicating:lampsoto
indicate the presence of the a.c. and d.c. power supply and the
presence of a fault have also been provided., Line terminals have
been taken out at the panel face so that the line connectiohs can
be modified and checked up, as and when desired. Similarly trans-
mitter, receiver connections have been brought out, to check the
presence of carrier signal whenever the need arises. A photograph

of the so connected panel has been shown in Fig.(2.4).

The problem then is to design a transistorized phase comparison,
Carrier output protection system for the above menti®ned artificial
line, Refering to Fig.(2.3) we see that the first step on our way,
would be to design a sequential cireuit which nicely represents the
phase of the current combination aﬁ each end and also gives a suit-
able pick up signal to the starting circuit whenever a fault comes-in
Three various combinations of sequence currents have been considered
to select the best phase representing quantity, a detailed analysis
of which has been given in Appendix A.l,and a graphie plot of the
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same is shown in Pigs.(A.1d to A.18). TFrom these plots we may
sum u» as follows:
(i) Considering sequential combination MI2 + NIl we see “hat
the percsntage output K (=[Ig| /| Ip| ) increases as I is increas-
ed., However, the condition for X = O can be averted if proper values

of M and N are chosen.

(ii) Considering the sequence combination A12+BIO+CIl, it is
seen that K increases as either &4 or B is increased, but the increase
in A gives more effective increase in the output than the iacrease in
B. Here also K attains zero value for the two cases shown in
Firs.(A.123a and A.}4a) but this also can be avoided by vroperly

selecting thz values of i and C.

(111) Looking into the sequence combination BI, + WI, it is seen
that X increases with increase in B1 but it does not reach the levels
obtained in the previous two cases. Moreover.for double lige to
ground fault there is a sharp decrease in K, in an effective range
of XO/Xl.

Finally comparing the above three cases we find that the combinat
ion BIO + ﬁIl does not give satisfactory output fof double line to
ground faults and is hence rejected. In the second combination AIZ+
BI, + CIl, we find that value of K even deereases for some mid values
of L and B for double line to ground fault. Moreover, the outout leve
docs not increase beyond the one obtained with the combination
M12 + ﬁIl even for A = 10. Since one does not find much of advantage
in including the component 31, in A12 + BIO+CIl, it is econonic to
select the combinatiqn HIg + NIl vhich does not need any elements to
derive the zero sequence current. However, we can easily zvoid the

coandition of X reducing to zero by fixing values of M greater than 2.
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Also, rerarding the selection of ¥, we find that for ¥ =+1 and
XO/Xl =1€ a casc vhich can arise in practice) in Fig.(4.122a), K

becomes gzero. Hence N = =1 will be selected.

Summing up, MIg + NI is the best possible sequence combinat-
ion, and based on this output and the individual positive and
necative s2quence output that is needed for the starting circult,
a sequential circuit shovn in Fig.(2.5) has been designed, the

desicn details being riven in Chapter 3.

Jext, as 1s requirsd in the problem, a transistorised scheme
has been used to build up the starting circuit, squaring circuit,
transmitter, receiver, phase commarator and slave circuit. A
detailed revort of this scheme has been given in Chépter 4, A
carrier frequency of 100 Kilocycles has becn used for both *ay

transmission of carrisr.
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3.0, DESIGNS:

Baszd on the requir-oments of the terminal equi-ment Tor the
carrier current nhase comnzrison scheme uniler consideration, as
nhas been described ia “he previous chapters, the design of =ach compo
nent has been co1sidered in this Chapter. slthough the results
obtained in practice do not coincide with the calculated results
ettactly, yet nrovision has heen made to obtain the outouts of
various components according to the requirements. TFor example
ta@pings have been vrovided in the Transactor secondariss, Line
tuner etc. to obtain the desired results. All the C.Ts. have been
designed for maximum possible burden. The design procedure has

been described ia detail in the following paras.

3.1. COUPLING CAPACITOR:

Keeping 1a view the factors necessary for the design of
coupling cap=zcitors, as has been discussed in Chapter I, the
design of the coupling cavacitor for the experimental probvlem

under consideration may be carried out as under:

Line Voltage = 440 Vol<is.
Let C be the capacitance of the coupling caprcitor, and let it

be arbitrarily chosen as .00L pF.

« "+« Imvedance offered by the cap-citor

to power frequency 50 c/s. = 10°
2mM x50 x 001

i

3.18 legaohms.

Tnwzdance off~red by the capscitor

6
to carrier fregnency 100 Kc/s. =27r§3%%j§"7601

= 1590 ohms

Morry if we put C = .002 1 F. the above two impedances chanze
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to 1.6 mega-ohm and 800 ohm values respectively, If we increase

the capacitance C to a value of 0.1 uF, e see that the impedance
offered to power frequency is .032 megaohms and 16 ohms raspectively.
Keeping in view the advantage of higher Capacitance C, and the low
nhase voltage of 230V avallable for the experimentation, a curr:nt
of 8mi can flow to fround at power frequency, ~hich 1s quite

negligivle. Hence T has been chosen as 0.1 uF for the experiment.

3.2« DRATVAGE COIL:

To keep down the losses in the induector, air cored type
hes been wound, Since, the current through the reactor will be
of the order of a few milliamperes onlv, a 30SWG enamelled wire

has been used to wind it.

A suitable value of the inductance to keep the carrier
signal isolated from the ground and yet connected to the line,
will be 100 mH,

We have,
2.2

0.03948 a n' K

L = =282

where, a is the radius of the soleioid in Cms.
n the no.of turns.
K a factor depending upon diameter/lensth.,

and b the solenoid wound length in cms.

Using the available formzr,
coil dia. = 7/4" e a = 2,22,cms,
Lenrth b = 39/8" = 12.88 cns.

’Tia./lel’lf."th = 0.359.

~hich gives value of X "~ as 0.867 fromn tables%é

5 2
. 3 - _.03848 x(2.22)"n"x0.867
++ 100x10 15,58

2
or n

I

735 x 10%

A n 2720 turns.
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The tested value of inductance given by the inductor =104mH.
Two such coils have been “roupd, and each used at one end of the

line.

3.3. LINE TRAP:
As mzntioned already linz trapwill be a parallsl combination

o7 an inductor and cepacitor, the design of -thich follovwss:

3.3.,1. Rzactor:
The value of inductance hos been arbitrar’ily chosen as 2

milli-henries, and the value of canacitance needed will be

considered on its bases.

A, Area of cross-section of the core = 3" x 3"
1, leagth of the winding = e"
conductor size cee = 16 SYG

-h
for, L = 1.26 A2 x ¥ x 107 uH
vhere & and 1 are in centimeter scale, and N is the numnber

of turns to be wound for the r=zactor.

Since, the reactor will be an alr cored one, we c21 “alke u=l.

o - 1.26 x9x(2.54)° xiPx107°
v 6%2.54 : :
s. M2 = 41000
LT = 202

3.3.2. Cavacitors
“or orrallel resonance, the capacltance Cq4 o7 tho narallel

canscitor is ~iven by-

Cqy = 1
't 4Pl
f beia~ th2 carrier fraaquency of 105 c/s.
. 1 —
e Cqy = - Farnds., = .00125 OF.
167 4%k 10%0%e2 x16°
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This value of Canacitance has been fulfilled by two

syailable standard cap-citors Cl and Co in parallel, such thst,
C, = 001 AF and £, = 250 pF.

3.4 LITED TU (IR

Since the line tuner must neutralige the impedance of the

coupling cav-~citor at carricr frequency, we nave-

.1
We = ———
W Ly

vnere Lp 1s the inductance of the line-tuner.

**C=0. pF = 1077 Farads.

* L : ' l 9
* r -
T (2 x10%)%x1077
= 0.254 mH.
To calenlate the number of turns needed for this »urnose,
e Nnve,
Tp = 1.26 A8— x 1Px107° m
, 1L x 10°
e = -+
o T.26 Uk
(.025)10° o . o
= Y5 X 5.4 (taking & = 4 sg.inch & 1=4 lnches)
= 7800
o 0 = 27 turns.

However, to ma%e this inductor variable four tavvnings at
int-rrnediate values heave been tSaken ont, so that it matches the
counliar canncitor werfectly. A 26 S7G wire hes been used to

wind the ianductor,
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3.5¢ COIIPQ0.ODNYS OF TS STOUT IWIAL CIRCUIT:

3e5¢1. Jalta Connzeted Cucrent Mransformer:
Based on actnual crection of fault and the calculated
values of fault currents, the following current magnitudes ers

obtained for different faults.

Phase to sround fault PN 15 amvs.
Phase to ohase fault cee . 25 Amps.
DJoubl> line to ~round fault... 27 Amps.
mharoz-ohase fault - 30 Anmps,

3ased on these values, now, a current transformation rat’o
of 135 has been chosen. Let the secondary burden for cach of
these C.Ts. bz ﬁaken as 4 ohms maximum,

Voltage across the secondary for maximum current-

=6 x 4 = 24 volts.

For furtler safety, let this voltage be taken as 30volts.
Then from the e.m.f. equation

V = 4.44 B.ALT.£.107° Volts

Tnere,
N is the aumb2r of secondary turns.

2 the flux density in lines/sq.inch. i
A ths area of cross-section of core in sq.inches.
f th> fraquency in cyeles Per second.

45,000 lines/sq.iach

i

Taking B
1 so.inch

= 50 ¢/s.

30 x 10°
444 R IB000X x50

=
]

-
i

= 300,

-+ wiber of orimory turns, N = -

)

Since "he fault current is =xpected to flor only “or
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short tims, a 143%WG connar ~rire has been used to rind the
primary rindine of the 2.T. -nd 19 3WG vrire hus bsen used to
riad the s2confary. The selection of 13$5C.7. ratio here, satis-
fies th~» design linmits of transactors so thet these need not be

“gsirned for transfor immedancs of more thnn 4 ohms or so, "mich

would otherwise iner-rse “h2 size o th> transactor,

Maximum current floving i1 =sach .

vhase of Jalta coarrzctzd T. 7 .secorui ry = 6 a1s,
"o Mariman, value of the curr-aats
i .,i, or i .o = 6V3

= 10.4 aans.
In the securntial cirecnit, resistance R nas hegn chosen
as 4 ohms (m-wi-wm) <s this *ri1l dirsectly from the burden “or
1:10.7. as shown in Fi-.(2.9).

« « R. =4 ohnms

R./80° =4 (3 +] 3%%—)ohms.

H

2 + j3.48 oms

Tov, to obteln a rzactance of 3.46 ohms, an iro~ core

4

rcactor with a? justo»le air-red and 300 turas of 205°1G sun»r-

enarmelled cownaer wire hos been constructaed.

3.5.2%. Transactors Tli_T4:
Transactor ~ives an ont»it voltarge (Vs) nrorortiolal to
innt current (Io) o> vice-versa. The ratin of voltaga Vg to the
&L

o

current ID is termed as traas " r or enlicro-Imma2d-nce Zq StV e

leferin~ to Tig.(D.1l)y the trunsactor secon’.ry hut bhoea
shovn rosistance lo~~»l., #e2” tho diarram e can “rit~ the

“olloria~ equ-tions,
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s (1)
Z = ——— s o 0 l
R Ip
VS=IS. RS * s 00 (2)
I = _dwM . A e (3) |
S Rs+j w Lg

where M is the mutual inductance between primary and

secondary wiadings.

v JwM. R
== = % =  —— S
Ty JEE + @L)Z . /P

coMRS. /Gé - Ps
= e o (4:)
‘/Rg + («)LS)2

Jov, in equation (4) if w L <K< Byy e can neglect Lo and |

rewrite equ-tion (4) as-

v
-i-.s.. = ZR = WM f’}é :___QS coe (5) !
p 1

Assuming unity coupling ratio be*ween tha wro wiadia-s, we
can write for mutuzal inductaace 1l as=

T3 3 )

II = 1026 l).Iz . —i—_—"" 01.0—8 H’}ﬂI‘iGS e s 0 (6)

~here,

1l

Nl no.o? turns of the nrimary
Jo = no.of turns on the secon’ary

A

' . . 2
the area of crossesection of the core in cm,

and 1 length of core in Cnms,

i

srlecting the vhase-angle in equation (8) we havesr

“n ""("'”"": '5']’?4' ¢ o ' s o (7)

Tovry voltage Vyy as annlicable Lo the s*tartings clrenwit described

ad

in Cihepter 4 must b2 of aboit 20 volt muenitude. .lexit, tho

i

selaction of Z? rill dz3nead on the macaitude of Josisive szgusnce

1z



(35)

cu'rent and so we may “rrites-

v
Zq = “T$~ s Where Ii is the nositive sequence currant.
: ~1
Jowv, “22actance of 131 .7, = j 0.3 ohms.

(ra"erred to secondary)

Parallel eguivalent of R and this reactance -

02 + j0.3 ohms

1

B __ 4 2+ 43.47
oy Iy = Iy - EFIEAT

IR

Taking Ip as reference, Ir = Ip /120o and coasidering

the ma-imum value of the current.—

(\ 1

I, = 10.4 (0.05 +,0.5)
or {Ii] = 5.2 amps. “ee veo (3

If current In is =bseat, as say in A-C. fanlt, then the fault

current i1 the line will Jrop o 15 amds.:-

_ 2 + J3.47
and I, = 3( 5% 5371 )
or [I]'-}: 2.8 ampS. e . L) (9)

Based on the above values of Ii e obtaln ZR equal to 3.8 and
7.0 ohms resoectively. However, since the stertiag circuilt

nicks up sven at a voltass of less than 10 volts, let ZR be

!
caosen as 5.0 ohms trhich *rill be well rithin the margin for aven

th~ la-st “anlt-currsent.

Tron ornation (7) therefore,
r . 5.0

ST T

an? from ecjyu-tioa (8),
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o]
1= 1 x1x10°
2 T 1.76x W x fuxh.

“akxing a gap length of 3 n1s. aa? crea of Cross-section of

*th2 core as 1 sqg.inch. ;

L= —.8%x10" x 0.3
2 - 314 xl.?6xN1x1 X6 .45
- 60x10°
- T e's 8 ee o (lo)

Jl
Froa equ- tion (10), !

for N3 = 40 turas, Né 1500 turns

]

1200 turns

for Nl = 50 turns, Né

and for Nl = 60 turns, o 1000 turns

Suner-enamelled covner vire of 18 SWG has been used to wind
the nrimary and since a negligiblé_current flowrs in the secondary,
it has been woun” with 30 SWG wire. Depending oa the *rire-size
and "rindow svace available Nl has been taken as 50 and hence NQI
as 1200, Hovever, »rovision has been made to iacreansec the air-gap
unto 1.5 cwys, the vrlue of ZR decresasing for increase in *he
alr-~ap. lioreover si~ intermediate tappings have beon taken ouﬁ
on thz secondary, so thzt cpnropriate value of ZR is obtained.

The above data has been described <or the design of tr-nsactor

Tl and the same holds <ood for T4.

3e5.3. CTs. T and T.3
19 D

As slhown in Fié.(Q.S) we need 1l:1 CEs, in the sequznces
'stwor’c Lo transfer current ip to positive and negative soquencé
etwor'ss. 3ince a maximum burden Rn of 4 ohms is connected ?
ncross thn secondery, it has been desirned on the same bzsis,
laximam value of ip = 10.4 amvs.,

« » Voltzere across secondary = 40 volis,
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Agaia, taking Area & = 1" x 5/4" and B = 45,000 lines/sq.inch
40 = 4.44 x 45,000 x 2 % 50 x 1070 y N
160 x 10°
Z,2Z x 45,000 x 250

* J =

320.

i\

"ance, both nrimary and secondary nas been wouad with 320

[ 2

nmib~r o7 turas and a 18 SWG super enamelled copner wire has been

~

nsed “or winding.

Rebeds CTs, T2 and. T3:

Refering to 7ig.(2.5) again, we find thot the output
voltage VO devends oa the way Il and 12 are combined and also on
ne values of resistances r and R. This is also observed from

equntions (iii) end (iv) derived in Avoendix,

Towr, siaces the voltane VO is to be fed to thz squ-ring
circuit, which also limits this voltare, its magnitude may be
any where between say 10 volts and 30 volts. After looking into
the various magnitudes and ohase shiTts in the currents Il and 12
(“or ifferent types of faults), a CT ratio of 5:1 and a valne 8 to
12 oims for resistance R has been chosan, vhaereas resistance r h-s
been made variable so that orover outmut is obtained wit!. the

variasion iq .

(a) Considering fivrst “he transformer T,, it is svident thet

29
its burden will depend "mon the varallel comhination of r and /2,

since 2t th~ nid ooint of the secondary of transformer 23, the t7o
aqui-ianeT nee n-ths of ? ohms each are =met by the »nortion of Il

florin~ to traasformer Tae If r dis made infinite, burden on ﬁ2 will

W

simoly ba /2 ohms aad as r is Aecvensed, this burden 'rill ro on

deecrcmsing.  Koeopin~ this in view a acyiman burden of S onms may He
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consifered for the design.
H?ximum voltars across seccndary = 6 volts.
Acain from equation for e.m.f. alrsady used, taking A = 1 sq.incn

we ¢al vrite,

-
6 = 4.44 x 45,000 x L x 50 x 10 © x U,

. 6 x 10°
T 4,44 x453000x 50
= 20 turns

———

- . \ . 70
Hsnce, no.,of turns needed d.n the »rinary = =

= 14 turns
Sun2r enamelled conier +ire of 18 and 26 SWG has brzn used
to viad *he primory snd secondary respectively.

() fext, let us coasider the design of CoTaNge It 1s clrar

s
ER

fron Fie,(2.5) that the burden for the secoxlary of this 7.
=11l be 2R ohms i.e. say 24 ohms.

« . Haximum voltagz anrons secondary = 24 Volts.
A~ain takine A = 1 sq.inch, e can “rite-
o ,

.= 24 x 10
" T T4.4%4 % 45,000 x 50

]

280 turns

wber of turias on the princry = 230/5

D
o]
(9]
W

=_96 turns
3un2r enamelled comder wire of 18 and 26 377G has bsoa used

o i *h2 nrinry ond the ceatre tanhed secondory respectively.

It mew Ha pointed out thot such a tyne o

i

anhed

by

cantre-t
current traisformer =2nd bridge conn2etion hrs been clinsen
speci 1y, 11 order “n-t the fredboe’t betw:en nosizive and

1werative sooueaes onutouts be avoided,
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3e5¢5s Fltr "ircuits

"Ma imsortanc: of filterine the combined positive and
1srative s~mance outsut has heen described in snmpendix a.3, Lot

a1 induct-onez of 1 headry bz conmected as shown i1 Tir.A.31.

"ha v 1 of canacitance CF thst vill be needed to thCh

this iaductence 2t nover frequency is civen by:-

Cpn = —~—~—~;£~*~»-—~ Farads.

F o (ane?

(2 N x 50)“x1
= 10 AuF

Considering the available former s-ction of 1 sqg.in. croas-
section, assumins an air-cap of 0.1l can. and neglecting the ampére
turns for iron pzth, the no. of turns I needed to =rind the above
inductor is ~iven by~

L. 1. 10°

y¢ =
1.26 LA

1 x 0.1 x10°
1.26 x(2.54)%

1000000. ‘ : >

i

N = 1000 turns. - ' ;
Since the current drawn by the inductor will be very small,
a 30 SWG wire has been used to wind it. A 400 ohms shuating

resistor has been nsed, so that the time constant of thz parasatic

osci'lation is 8 milli-seconds, i.e. less than a half cycle. 3 more

. [}

tavnings have been taken to sult the can-citance nerfactly.
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4, TRANSISTORISED CIRCUITS:

Since the principle of transistors was discovered more than
15 years ago, there has been growing interest in this device.
Experience has shown that when an application is made which
keeps the transistors working inside their design limits, the
reliability will be exceptionally good. It has been inevitable
to consider transistors for use in power system protection as a
means for inecreasing sensitivity, reducing operating time, and

eliminating mechanical movement,

A review of the various kinds of relaying led to the
conclusion that the phase comparison transmission-line protective
relay offered an excellent opportunity to gain experience withqut
introdueing radically new concepts in operating principles and

circuitry., The primary reasons for this are:

1. Transmission line faults occur more frequently than

any other kind of fault,

2. The phase comparison relaying that was formerly used was
based upon vacuum tubes, and these have met with disfavour because
of their lack of reliability and tendency to change character-

istics after a period of time,

An application of p-n-p type junction transistors has been
made in all the terminal equipments described in the following
‘lines. Transistors of the type 0C71, 0C76, 25B75, 25B77, 2N632,
2N363, 2N482, 2SA15 and 2SA12 have been used, the last two types
being better suited for high frequency operation.

4,1, THE STARTING CIRCUIT:
As mentioned earlier, the starting eircuit picks up in

response either to the amplitude of negative sequence component of
\O05 172

MMITD L aa
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the fault current for an unbnzlanced fault, or both the amplitude
an” rate of rise of tho nositive saqueace comnoaent for a balancad
fault. The comnlete starting circuit arrancement has been shown in
Fig.(4.1.), ~here 2ach of the negative and positive sesguence compo-
2e1ts, as »roduced by tiic sequence network of Fig.(2.5) is rzctified
by a full-rvys rectifier bridee. The recti®ied d.c. outmuts corras-
Dol i to th2 asgative se2gyusnce component are taﬁen, at high aad low
volrare, from the potontiometers narked 7T and L, waich

g el

controls settia-s, and fed directly to the low and hish ses starting
circul's, r:.soectively, throughisolatinz diodes., Tho rectifiszd d.c.
outout corr:370n6ing to the jositive sequence component are fed to

fa)

mmlse circrits, each coasistiag of a capacitor C and a dischurging
diode shuntin: this can citor to +VB sumyly.  Aay suifen chen.2 in
tih~ wositive saguciace inmut si-~nal 1s instaata weons 1y n—-ofurzd at bthe
outrut end subs~uent fecry o” this oubtout tales nluce as the
capzeitor chareos. Thz diod»s shunting the canscitors o the +V3

s

supnly cnvse Thsm to ﬁ'scuq”go rapidly a”ter fanlt clearance, theredy
makd e lse elrcuits rgagy to merform their functioas imnedi~tely

rcuil’s

e

in any suvsenuent ovsr-tioa. The outouts of the imopulsa ¢
are Tad fo th: lor and hi~h se= startia: cirenits throvrh isol-tiag

.

dilodes 71 "2 s:ine monner as those correspondina>

e

to the negative
Sequence comoonenis,

"ae lov and hi-<h set startiag circuit arvangoments ars ideatical,

apart from b2iar fed from the low and high voltage tap»iasrs,

respectivoly on the votentiomester settings Bach circuit consists of
a lavel detector which has »esn sh~m as a conon s-itter trigger

cirenit, incorsorcting traasistows VI, and VIg Fi~.(4.1) follorz¢ hy

an outhut s*tarz incorporatin- transistors VIq and VT4 o sack level



: W g } oA
| R 2\ Ry ‘. w |7 2\ LowSet
—— i) r\ VT ; t , Contirol..

" "
eV \-L/-"“ '% L \‘%[ )
1 Zener R g Re |
QO ? +VB O t
fq4.4

Starting - Cucuid Avranqewmvit

Rc7 68K, R,=I5KA, Ry 15k, R=1kQ, C,= 8omfd-, Vec= 15Vlls, Rg=22k 1.
Re=22Kkn, R,=39kA, R4_|okn Rs=lokn2, C = 2omfd. , Vg =4volls,
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detector aad o1t ut ste~z uses two transistors, i.e. 2 total of
ei~ht traisistors, torather rrith four isolatinag diodes, two

1

nt diodes -rhich fors thc two rectifiszr

o]

igschrree “1lodes ad ¢if

2

hrifees, It v be mentioned here thut —witl. the available Ii38

on was not nerfect and these weve finally

| &
h
fEn

diodes, thz rociific
renlace” by a 24 volt, selenium rectifier. The »iclz up and drod
ont vol®taras the level cetector have been adjusted ‘at almost

sane valuz by iasertiag mroper vslues of resistances in the

emitters of transistors VLl and VT2,

Wnen no starting sicnal coles at the base of Lran31stor J“l’
durings healthy condition, it does not conduct and voltage at its
collactor attains nearly -15 volts value, and this in fura triggers
transistor VT2 which conducts and hence the voltage dt 1ts coll=zctor
attains 1early +V3 voltarce This again, ia turn, triccers transistor
VT3 wnlch rives a zero volt out-ut at B and since VT4 reﬂgins non-
coaducting, a voltare of -15 volts appears at its collector and
thereforelat outout &. o, during faulty condition, a negative
voltare signal cones at the base of V‘I‘l “hich makes VT1 to conduct
and honee VT2 stops conduction. ™his na'es the outrut at A to
ehange from -15 to 0 volts and output B from O to -15 volis. 3imilar
oneration takes vplace in Hich set as well as low set control. A
voltare of € volts apvoeurs acro-~s thc zener diode during the receist
ol pick-up signal., The use of this sudden change over of the voltage
at control A aad 3 and the separation of high set and low set control

will be made clear at the following starces.

4420 SYTATY" CIRTTTIT:

It Is auite zvident, thot two isolatnd squ.ro wave pulses of
nnity mart/snace ratio -mst be derived; one for modulation and the

otiwer as aa inomt Lo vhas2 coararasor. To bloz': the nraseanc> of
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any ¢.c. in the outnus (}EI2 + IIl) of the sequence asiwork, it
hrs benq shovn in Aprendix A.3, that the elimination of craasient
time dglayv can roduce the oversll owneratin- time. This has been
]

achizvad by mrans of a filter circuit described in Apveadix 4.2
which has besen coanscted betwsen the sequance network and the
squaria~ circuit, ' |

A sianele transistor stage was initially used 'to obtain the
sgquare wave ounut, but it was observed thot the width of the outn»ul
yave chan-z2s wit: the éhange in ths inoput sine wave magnituds.
‘Tence a moras Stable tvoe of souaring circuit wiich uses a bistable
outnut stare, hich has been shown in Fig.(4.?), has bnzn used,

The squaring circuit used has been described in‘the noext Sovr
linzs, Th2 combined szonuence outout voltare is transformed to

=~

obtoia to sine raves of opnosite molarity by centre- zrouading of

1

the szconfary of traasform-r 7. These two sine aves ~re fed to the
bases of tha nulse circuits, the pulse circuits being comrosed of two
treasistor stares counled throusn a capacitor. The outout of the

nuls= circuits is fed to the Bi-stehle-circuit at basés bl and b2
which gives a nerfect square wave of 1:1 ratio at collectors Cl and

Coe It nay be Qentioned that the square waves at &i and 02 are 130°
out of phase with each other, = One of the waves can be used as local
sguare wave and the other used for carrior nodulation. 3y feeding

the local square wave from collector Clor 02’ to the vhase comparator,
it was observed that because of loadin~ effect, the square wave chances
its form. Ilence, it wns decided to use an enititar follover circuit

for obtaining ths local sguare wave sirnal as shovrn ia Fig, (4.9)

at the on%out stare, and th> modnlating sirnal has been derived from
the collector Cl.Byfhc arovision ol “ransforier ™ and the tvo oilse

circults, *h~ idth 07 the squarc wave has been redicad to easure
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gulck oneration.

Le3e CART N "M3A 50T IR STIRCULT:

"he carrizsr coatrol and modulation consists of the oscillator
and the control arrangonents for botih modulated and coatinuous

carrizr. Coatrol i1s obtaiaed turough the use of transistors with

a coilon enitser circeuit as shovn in Tig.(4.3). A erystal oscillator

oL SN

)

o” 100 Ye¢/<, caliberated at 8500, hrs been used betrezn the collector
of V”z ML basz2 of VT3 as snown in the Tigure. “hen transistor
VTl does not coaduct, tr-nsistors VT2 and VT3 behave és the
oscill-tor, oscillating at a frequency of 100 K¢/s. The starting
signal is normelly nerative, but hen the starting circuit »iecks
un, & zero voltage comes ot the base of VTl thus operétiag tas
oscillator circuit. The modulated carrier outnut is‘finally annli-
Fied ani tuned ™y slidins~ thz cor:z of outrut transformer I.F.T.
Final adjustment ol tuaing is mafe after *transmiitting th- carrier
sienals on the transnission line by sliding the cors dnd by thz

variation of caracitances Cl andé 02.

It may be nointed out that *he I.i.". tn t nhas Hezn usad at
the outout, is of %ths *tyns used in ?a:io circuits, ”hich nas a
senarate core for nrinmary and secondary. In the osci lcotor cirelit
in question, if a single cored I.F.T. could be availabls, the outrit
-rould have been further increased. ™hz transistor VTl is of
28375 tyn2 aand Iy and Tiq are the hisl frequency 28412 tysc. ™ie
call~ctor voltage Vcc of ~-15 volts has b:icn usad from the coon

2ele SuUnHOly soea.

YT YT I‘! f‘("‘“"l
4.40- ‘)Jx,/.:J:r. 1{ } L

A Tull rave reetification hos Maen usad ko demodul-te thae

0.
..

receivad carrel 0 osicnal s shora ia Mol (401). Tt ntilizsas Toun

- 433 fiodns el Livs 521 conwected in a bridee cireuit as show .
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Because 0”7 *he 2°0T2ct of 1iac

amiitude of %ths odulated corricr a

+

s

the amblitnde of

nt e

nu-tion, it is observad, tact the

T ore

[

ceiver is guit~ 1l»ss than

ne modulated carri~v at the transnitler ead, and

the rectifizd square wave is also quite less ia magaitnde

nence

thaen the local squarc rrave 'rith ~hich it is to be cormared i1 the
whase comnarctor. The magaitude of the demodulatad squers tave is
nenee mapaifisd by the -mplifier eiveuit shown in Fig.(4.4), dut it
nay be mz2ationed inve thot it cives a phase reversal Sf Uil original
square wave. -“lence the modulnited carrisar of cocrecet nolurity is to

be cnosen at the trais—itter ead.

174

[ S

increased by increasia- “h: co

emitter resistances Yy a suit-ble casr citor

Finally th2 “emo nla%24 and

fed as onc of £l

sanare wave is

comarator as sho:1 in f-.(4.5),

.
3
.

:1onal square wave as Adescrihed in

4.5+ PITAST ZOIIPARAT0R ZIRATTI™:

As hes been already said

locally ohtained square wave vith

15

"h2 rain of the amplifier

1

ctor resistance or by snuntinr the

amlified (if found n~cass.ry)

e

2

Inputs 2 and 3 to th»

w
(]

to h2 coared in phase *rith the

-

th-

A
n2ZT

section.,

; the phase comparator comrarss :as

the one received fro ths ot isr

e2d of th~ 1line after demoiulation and decides whethor trinHing of
tire cirenit brru'ers should +take nlace or not dopeading oa aether
tiae Tunlt is iaitornal or cxternal. Of course, the stérting signal
13 2120 »oenived ot the time of comparison. If the fanlt is sxt-rial,
"o %o above meitioied squars travas sre 130° out of 1huse aad izaco
"t oobese comnrator civas no ouiswt.  Ta ausas o - 15¢ ' 171 Janlt,
sz vraves ave c105% din 9 592 rtEh sach otlep . Jencafing vmon
“lodr oonsle of ~oiicidoacs, Hulias are ohsutue” ot whne outant,
Fire(4e0) shvre £ cire i oo netinge o the phase c¢Hov Lor
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cirenit., It coasists of a coiaecileace stage coatrolled Hy Thc s
i fnams, follorad by an iaterratiag cirenit aad & level Jetector/
ountou* starz.  Thraz inots are fed to tho bise of the Iavut troasist-
or. JIny%t 1 i3 Ffrom the hirl set coatrol of ths startiag circult
and is 1ovrmelly aegative, thus naincainiae the transistor 'on!
irrasnective of the inojuts 2 and 3. “Then the starting circnit picks
un, input 1 asswimes zero notential, thorshy alldwiag commarison in
shace of the si~nals 2 and 3. ‘Men =2ither of thase waves is of
1agative motential, the traaisistor at the lnHut will still coduet,

And, ~aea both are nositive or zaro, rritlhy the starting innut zero,

the transistor —-1i1ll be cut off. - This rives asgat es v tiac

ive Hl

v
@

ontorut and the durwtion of the nulse deneds vmon the an~le of

coincicdencs of 2 and 3. A straightforward 3C integratias circuit has
1
becn used betreen thz colaclidzncs and the lzvel detector stoa~z.
I1 the exmeriiental circult under “escription, the »hase shai’lt
introducedihto the carrier signal, dus To long linc lsngths or sant

cadncitance, has been neglected, In an actual circult the »ohasz angle

* O

-

setti 1y Tor the shase comparator is made apsroxinatsly 30, Ilo-ever,
tiie one-ation of th- phose commarator with arti”lecilzl linz capicitance

",

o also fonal to he

6]

atisfactory.

4.6, SLaV i CIRCTIN:

. 4,

i basiec arrear:mant of the slave cirenit has Heea chova in
fe,(4.8). & switechin- tran-i~tor VTl maiatains the slave circuit in
a2 wrrally uleqereized condition, siace ths sturtiag sirnal coccivod o

178 ™52 is woriclly zero. I2czise of the shreiy of a fanlh, hea the

istor VTl an. " oonzt 1t condnuets, thus
circudt »avdins dn a 'rrady! eoadition, Tt also follots thut tha

n

resehtiag will el olace antonutienlly ~Ctor the Tu-lt clarrancn,
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.
siac> +h2 corumal sicael (z2ro volbtagse) from th» sterting cireuit,

m

iz, "hea the svstea is nealthy switches off the transi tor Y;l.

™12 asymmzitrical bistablz ~ircult operating the finesl slave
ralav coisists of transicstors VT2 and VTB. Those are arraanfed so
thet, ~rita the circult first energised, transistor Vi, coaducts
an? ‘?2 is cut off. But, ""hen a negative tripning pulse is obtain-
A¢ Tro the ohase commarctor circult and apoylied to VTo, it
coninets and VIg cuts off. This maY%es +the slave relay to orerate.
33 1ce the operation of slave relay on2as the aormally‘closed

cottacts of the circult breaker magnet coil, the breaker §rip§'.

The 3.6K ohms rasistance in the collzctor of VT4 has h~on
rmatched with the relay coil resistance ~aich is also 2.86X o’ms.
"he insut capacitor Cl ensuras circuit stapbility a?ai?st narasitic
pulses during fault conditions. Transistors VT2 and VT3 are

of 21383 %tyne and VP, is of 0C71 type. The collector volZage V

1
nas been increased to 21 volts, sinca the slave relay at one enc

cc
of th= line could not pick up for Ve = 15 volts.

Startiag signal for the slave circuit has bzen derived
from hish set control,such that,no onsration due to norital load
current is ensured. The same reasoning a?ﬁlies to the vhase

comparator circuit.
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5,0, TESTING AND PERFORMANCE:

The procedure adopted whlile testing the whole equipment
along with the expla&nation of its performance with the help 6f
oscillographs has been described in this Chapter.

5.1. TESTINGs

After assembling each component of the terminal equipment,
in accordance with what has been described in the previous
Chapters, each individual component has been initially tested
from a low-voltage single phase power supply obtained from a
variac, All the transistorised components right from the start-
ing circuit to the slave relay circuit gave satisfactory performance
without any transistor getting heated up or damaged., Outputs of
all the components have been brought out to banana sockets which
made plugging-in with the other components easy. After such an
individual check up, all the components have been interconnected -
in accordance with the block diagram shown in Fig.(2.3) and two
views of the éomplete test panel set has been shown in Fig.(2.4).

After plugging in all the components of the sequential
circuit at each end of the line, the line was energised by press-
ing the line- energising pressfbutton., Fault switch was closed
at thé next instant, and output voltages from positive, negative
and combined positive'and negative sequence networks were checked .
A slight adjustment has been made in the original settings of
rheostats to obtain the suitable values of these voltages at both
ends of the transmission line, for all types of faults. Next,
the outputs of the sequential circuit were fed to the respective
feeding points in the starting circuit and the squaring circuit.
Figs.(5.1.1.) shows a section at the one end of the test panel,

wherein, C.Ts. of the sequential clrcuit are shown at the left
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Fig.(5.1.1.) Components of the sequential circuit
and the starting circuit, at one e
of the line, ‘

Fig.(5.1.2,) Components of terminal equipment including
the slave relay and cireuit breaker at one

end of the line.
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hand, and the starting circuit at the right hand. Fig.(5.1.2)
shows some components of the carrier terminal equipment at one

and of the line, including the slave relay at the right.

All types of faults were simulated at the mid point of the
transmission line by means of a fault switch operating a fauit
§1mu1ating contactor and the presence of a fault was indlcated
by a fault indicating red neon lamp. Soon after the inception
of the fault on the protected line simultaneous tripping of the
breakers at the two ends of the line was observed. No tripping

was observed for simulating external faults.

5.2+ PERFORMANCE ON INTERNAL FAULTS:
Figures (5.2.1l.) to (5.2.7.) illustrate the performance of
the above described equipment, as observed under exhaustive

laboratory testing.

The starting circuit pick up is virtually instantaneous as
may be seen from Fig.(5.2.1l.) where comparison of the high set
starting circult pick up has been made with the fault current
signal., During balanced faults, the starting circuit operates
on receipt of the pulse inputs from positive sequence output,

which has been shown in Fig.(5.2.2.).

Two out of phase, perfect square waves of 1:1 ratio are
obtained from the squarring circuit outputs at C1 and 02 as shown
in Fig.(4.2). One of these square waves has been shown in
Fig.(5.2.3b), which is used as a modulating signal input to the
carrier transmitter circuit and the resulting modulated carrier

signal has been shown in Fig.(5.2.3.a). : .

Fig.(5.2.4) shows the transmitted and received modulated
carrier signals at one end of the line. A slight phase shift



5.2.1.) (a) Fault current wave,
(b) Pick-up of the starting circuit.

-

5.2.2.) Starting circuit pick-up for a balanced
fault.

(a) Fault current wave,
(b) Pick-up of the starting circuit.




Fig.(5.2.3.) (a) Modulated carrier signal,
(b) Modulating square wave.,

Fig.(5.2.,4.) Inphase modulated carrier signals at
- one end of the line for.internal faults.

(a) Transmitted carrier
(b) Received carrier.

Fig.(5.2.5.) Inputs to the Phase comparator for
internal faults,

(a) Local square wave.
(b) Received square wave.




Fige(5.246.) Outgut of the phase comparator for internal
fault.

(a) Fault current wave
(b) Comparator output.

Fig.(5.2,7.) Tripping time,

(a) Fault current wave,
(b) Pick-up of the slave relay.
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between these two signals has been noted, withdut considering
the capacitance of the line. Fi1g.(5.2.5) shows the local square
wave and the received square wave obtained after demédulatiog and
amplification of the received carrier signal. However, a slight
phase éhift observed between these two square waves does not -

interfere with tripping.

Fig.(5.2.6.) shows the output of the phase comparator, as
compared to the fault current signal, after comparing the local

and recelved square wave signals,

Overall operating time, from the time of closing of the fault
switch to the time of opening of the circuit breakers (replaced
by contactors here) was measured with the help of a timer, for
repeated fault simulation, and the time noted was 67 milliseconds,

which is slightly more than 3 cycles.

However, the time of operation upto the triggering of the
bistable circuit of the slave relay as shown in Fig.(5.2.7.) is
- slightly more than 1 cycle, which is well within the desired
time limit,

5.3+ PERFORMANCE ON EXTERNAL FAULTS:

External faults were simulated by sudden switching of the
single, double and three phase loads outside the protected line
section, when fed from the opposite end of the line. The performance

so obtained is given below.

Fig.(5.3.1.) shows the transmitted and received modulated
carrier signals at one end of the line, for any type of external
fault, Clearly, now these two signals are 180° out of phase ‘with

each other.



1(8+3+1,) Out of phase modulated carrier signels _
at cne end of the l1ine Tor external faulite.
éa Transmitted carrier,
b) Raceived carrier,

—

12+ (5.3.,3,) Output of the phase comparator for
_ external faalt,
(a) Pault eurrent wave, ‘
(d) Ouwtput of the phase comparator,

18+ (5.3,2,) Inputs to the phase comparater for
external fTault,
Ei) Lecal square wave,
b) Recelved sauars wave.
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Fig.(5.3.2.) shows the local and recelved square waves
which are also 180° out of phase with each other. These, when
fed to the phase comparator circult, do not give any comparator
output as is clearly shown in Fig.(5.3.3.) and hence no tripping

takes place.

Distributed line capacitance was introduced at four'points
inside the protected line section., This, however, did not
affect the results,



CHAPTER=6

CONCLUSIONS
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6.0. CONCLUSIONS: .

The results described in the previous chapter demonstrate
the feasibility of using transistors as important circuit
elements in a carrier current phase comparison scheme of protect-
ion. The system of protection that has been described is well
sulted to all the abnormal power system conditions arising from
system swings or any type of fault on the system. The conclus-
ions on the working of the various equipments have been described

in this Chapter.

The transmitter described in Chapter 4, could not be
tuned for the given line impedance of 15 ohms per phase, because
in that case it was observed that the received carrier signal
appeared only as a noise signal, Finally, only one third of
the line impedance has been considered as the carrier channel
and the received signal has been amplified after demodulation.
To avoid interference between the transmitted carrier signal at
the two ends, these signals have been channelised on two
different phases of the line. However, on internal faults
involving both of these phases, a slight superimposition of one
modulated carrier signal upon the other has been observed. But,
since these signals.for internal faults are almost in phase with
each other, its effect has been only to increase slightly the
wildth of one of the square waves, which does not affect the
final tripping as the two square waves still remain almost in
phase with each other. Turther, to keep off the mutual induct-
ance effects between the lumped line reactors, phases A and C
which are a little away from each other, have been chosen for
transmission of carrier signal from each end. With the use of

I.F.Ts. in the transmitter circuits at the two ends, a slight
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difference in the amplitudes of the two transmitted carrier

signals has been observed.

Balancing of the sequence networks (shown in Fig.2.5) at
the two ends of the line is of great lmportance to obtain the
exactly in-phase combined sequence output voltages at the two
.ends for all types of internal faults, and exactly out-of-phase
,combined sequence output voltages for all types of external
‘faults. The actual values of resistance R, amd r (Fig.2.5)
set for obtaining the correct outputs from the sequential
circuit are 3.5 ohms and 1.0 ohm respectively, in place of
4 ohms and 2 ohms which are the calculated values. This may be
due to the slight difference between the actual and calculated
values of the reactance Xh and also due to the resistance of the
reactor winding. Initially, use of iron cored reactors was made
in the sequential circuiﬁ, but, this produced distortion in the
output sequence voltage waves, and therefore these had to be
replaced by air cored reactors which gave the desired sinusoidal
output. The measured values of the negative sequencé voltage for
the simulation of a balanced fault was about 1 volt at each end
instead of zero volt. This may be due to the difference in the

line currents because of the inclusion of the line traps.

The squaring circuit shown in Fig.(4.2) gave satisfactory
performance for all the a.c. voltageinputs above 1 volt. However,
the input transformer of the squaring circuit has been designed
for voltages upto about 40 volts., Initially one of the squaring
circuit sometimes did not operate satisfactorily for a voltage
input from 1 to 3 volts, because of the insufficient output
signals obtained from the pulse circuits which trigger the
bistable output stage of the squaring circuit. This was finally
remedied by shorting the emitter resistance of the bistable
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circuit.

Superposition of the'power frequency signals upon the
carrler signal was observed at the recelving end of the line,
when the line was energised. This effect was slightly reduced
by decreasing the drainage coil reactance, but was wholly
nullified by putting a power frequency filter tuned at 100Ke/s,
at the receiving end és shown in Fig.(4.4). Demodulation of
the received carrier was found to be well accomplished by
using OA 160 dlodes, instead of IN38 diodes. Even the half
wave rectification gave a perfect square wave output, with the
help of OAl60 diodes. Only a slight noise signal was observed
at the top of the square wave ocbtained aftgr demodulation,
which was finally filtered by a higher output capaciﬁance;
Anplification of the demodulated square wave was suitably

performed by switching transistor 0C76.

The provision of rated d.c. supply voltage and prdper
biasing of the base and emitter terminals, are the main factors
to obtain the desired outputs from the transistér circuits.

This has been observed in the case of the phase comparator
circuit which needed a proper adjustment of the emitter
potential to differentiate between internal and external faults.
After exhaustive testing, two out of the three input diodes
(IN38) were found to be damaged and had to be replaced.

During the testing carried out at theAnitial stages,
the slave circuit at one end of the line was found to be
susceptible to tripping on account of transients and this in
turn made the other end also to trip. This defect was however
removed by including the input capacitance C1 in the slave

circuit, across the incoming signal from the phase comparator
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as shown in Fig.(4.6).

No transistor failure was experienced after exhaustive
testing of the equipment., The tests carried out during the
hottest season did not show any appreciable effects on the
performance of the transistors. The reliasbility in the
operation of transistors, quick operating time and their long
life makes them more suitable to this scheme of protection.
It may thus be concluded that such a transistorised phase
comparison carrier current scheme can be very effectively
used for the protection of important high vbltage long

transmission lines.
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A-1l. SELECTION OF PHASE REPRESENTING QUANTITY:
Al.le Theoretical Aspects

The effective working of a phase comparison carrier system

greatly depends upon the choice of relaying quantities and the
method of their derivation. Arrangements at each end should
provide for the detection of all kinds of faults, which can
occur on the system and the derived sipgle phase quantity which
is used to modulate the carrier must faithfully represent, for
any comblnation of load and fault currents, the phase angle of
the line current at each end with respect to some convenient

datum,

To determine the best method of combining the three
individual phase currents into a single quantity of comparison,
the sequence currents for different faults that are available

are as unders

Single phase to ground ... Il’ 12, Io

Two phase to ground coe Il’ 12, Io
Phase to phase coe Il’ 12.
Three phase fault o Il

Three phase to ground cos Il, 12, Io‘

Now, since positive sequence current I, is present during
all types of faults, it is essential to derive it as one of the
outputs for phase comparison. But since positive sequence
current is also present during normal load conditions, it is
advisible to detect it during faults By visualizing its rate of
rise., A pulse circuit has been designed for this purpose in
the starting eircuit. However; through current component may
adversely effect the positive sequence current and hence reduce

the sensitivity,
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Undoubtedly, negative phase sequence current 12, is present

during all types of faults except the three phase fault. Hence
it is quite 16gical to consider it as the phase representing

quantity. 1It's two main advantages ares=-

(1) Under Balanced load conditions on the line (which is
normally the case when there is no fault on the line) negative

sequence current is absent.

() Negative sequence current is substantially uneffected

by load conditions.

Zero phase sequence current Ip is involved only during
ground faults. So, it's provision can increase the sensiﬁivity

during ground faults.

Since Iy caﬁ provide a desired sensitivity during all types
of féults except the three phase fault, in which case wé can rely
upon the output of the positive sequence current Il’ a combinat-
ion of Iy and Il seems to be the best selection for the phase
‘representing quantity. Since 12 is present when.evervI0 is present,

\Io may be replaced by I, without effecting the sensitivity.

However, the final selection of the combination of sequence

currents may be based on the following analysis.

A.1l.2, Mathematical Analvysis:

The output quantity for representing the fault current in
phase can effectively be a combination of the following sequence
currents.

(1) Output MI, + NI,

(2) Output « AI, + BI, + CI1

(3) Output < BI, + NI,.

Let the output current be represented by Is and Fault

current per phase by IF’
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(1) ggﬁput MI, + N{gf-
Let the three line conductors represent phases A, B and C,

(1) Phase A to_ground Faults
Taking phase a of the three phase current Ia’ Ib ané Ic

as references

Ia = Il + I2 + Io

0

Ip
3E
1 + X2+Xo
where,
resistance being neglected, Xl = positive sequence reactance
of the system network, X, = Negative sequence reactance
of the system network and Xb = Zero sequence reactance

of the system network.

M+N
I =MI, + NI, = (M#N) I, =
s 2 1 2 Xl +X2 +Xo

———

Is| _ Men
II:‘[ =T e e es e (1)

(ii) Phase B to Ground Faults
= L—- = L- 2 = _l-
Il 3 O'aQIb, 12 3 Oa .Ib and IQ 3 .Ib.
I, = _._—_L__—.
1 Xb +Xl +X2

I. I, =1 +a’l, + al

b (o] 1 2°
3E (=</3/2+3})
Xl * X2 +xo

E being the positive sequence voltage. of .the equivalent

il

circuit.

I, = gk -1)
SA X, +X, X, J o +N)
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=\A4-§_+N2 -MN . Xo +EX1 e *:x-é—
\I l _ M?-Nz-MN

* . ..00 [N N ] (2)
Tr| '

(iii), Phases BC to ground faults

: I, E(X2+X )
Here I_ =0 =
a 7 XK X VX Xy
X X
- [2) - o —_—

Now, I, = MI, + NI,.

W R 1-MX°+N<X2+X°) I..

E{ (M-W)X, -NXzi
- [T|= 1x2+x2x +

Ip = x1x2+’i2gx‘o+ XX, {-1.5}:2 -3 ¢/3 X+ V3/2 xz)}

Taking Xl = Xz,

I emxemx
el /3 BexBex )
_ (-K) X /%) -N

(3)
2
V3 [1+x /X +(X /X)) ]J‘r

(1v) Phases AB to ground Faults

Here Ic =0
Iy == Iy + 1)
E(Xy + X))
) x1x2+x2xo+x
a EX

I
x2x0+x 0
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oB - _}sz
and I_ = - 2.
o X Xt K X +ho X,

3 .
M
X _ (N+ -0+NXé+j.-§-u MX )

E v
X Koy Xo 4o { ot 2 ° }

2 2.2 | | %
e’ \IS‘ = M {N (X%-O-X%)-PM X°+MN(X§+X022)+2N2X2XO}
The magnitude of I wlll remain same .as in the above case,
LIl {Ng(X§+X2)+M2x2+MN(X? +X X2)+2ﬁax2x }
Y V3 (B X %)%

Xy

X
Iy _ {nz [1+(x/%,)2 | 92 (X /%)) 2w [(xo/x;f*-xo/ximnz(ﬁ)}*

Taking Xz and simplifying.

1r| = 21 %
V3 {1+x°/xl + (X /%) }
coe (4)
Similarly, we can derive for 2 phase and 3 phase faults as well,

@) Output AI, + BI, + C;ls

(1) Phase A to ground Faults

I1 = 12 = 13
3E
IT.=1 = gr——————
F a X1+X2+Xo
IS = A12 + BIo + CIl
= Il(A+B+C).

I
S CtRA *
IF = m—g-ﬁl o oo oo o ' (5)

(11) Phase B or C to ground Faults
I, = /3 al,, I, =aly, I = Il/a

o
I = 3E_

as above,
F Xy +X,, +X, e
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I = A.aB BE __CE
s X, +x1+x2 a(X +X1+X2) XO+X1+X2

B _ —
f;xfixi;*{<-A/2 -B/2 +C)+j(A/3 /2'-BV3 /2 )}

K RIEAEEE o = o "xfxz (4%+8%+¢2-aB-BC-AC)?

Hence,
Is . (E2+132+c2 -AB-BC-AC) &)
I -‘ LN J .
F -

(ii1) Phases B-C to Ground Faults

. E(X, +X,)
1 % XX +x
EX
I - .—_-._..2.___..—_.
2 X2X1,+x X1+X0X2
I 2
S 9 S5 96 St %
Now, I, = AIz +BIo + CIl
E
=T e | X (C-A)+X, (C-B)
3 5 4 45 b A [ o X5 ]
. V3 E.. /x.za XX X,

g = X1X2+ X6i£$—iaz———— as in Eqn. No.(3).

Taking Xl = X2 and simplifying.

1] _ (X/X;) (a- -C)+(B-C) , 7)
| Lr| V3 SR TX) X /X

(iv) Phases AB to Ground Faults
I' _ E(x2 +X,)
1 KoX X X+ XoXy




(62)
aZE

= . 2 B(Xg)
T2 XX+ Xt KXo
| 8 EX,

I = - ———
o XoXq* XoXot X4Xo

-\/5 B (Xg +X§+XOX2)%

I.(= ———(-—-——-———-——-5———- as before
SR S o 5
Is = A12 + BIo + CIl

= m{xo(uzm)ﬂz (C+B/2)+] +/3/2(AX ,-B,)]

X2 (4%40200) +X2 (C2+BZ+BC) +X_X,, (AC+BC -

or |I f= xx+§ ¥ X
s 0% %, %5 oxz{ 224
AB+ 2C )}

Taking Xl = 1[2 and simplifyings-

T - —
Rl V3. \7’1+(x°/x2> + (X /%)
) ' FX ) eeo s 18)

=

X 2 X i
g { (Ti)_ (A2+C2+AC)+(—x§’_-3 (22~ AB+AC+BC)+(BZ+CZ+B0) | 3

(3) Output BI, + NI,

(1) Phase A to ground Fault:

B
I, = I, =271 = e—
2 o X1+x2+xo

Ip = I, = I, +Iy +I

3E

.
.
°
-
o
1}

Xy X ¥,
Ig = BI, + NI,
|I4|= B+M)—E
! X+ Xt X
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S‘ - B+N - (9)

(i1) Phase B to Ground Fault:

3E - - .2
IIFI- T, + v ot Ig = aly, I, =a"l;

Iy = BI, + NI,

-X?E-x—é——% (- B/2+N -3. V/3/2B)

_ __E 2
l= oy P
N _ VB o w
¢ .F[_::‘ = 7 ‘3'_- eeoe co e (10)

(iii) Phases B,C to ground Faults

;L E(X; + X,)
1 XKo+XXy*t Xy
I. = = 1%
2 Xb +X2
1.X
172
I, = - ——=5— a¥ before.
0 X5
-
L. _/EEVE B KK
Foo XXorlkot X%
Is = BIo * NIl
E
T | X,(B-N)+N.X
Xt Xyt Kok { *2 o}
I Xp(B-M)- MK,

TPl /BB +XoXp

Taking X5 = X.l and simplifying.
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T~ va. V1+(X /X )+ (X /X))

oo (ll)

(iv) Phases AB to Ground Faults

Hence, l_I_s_\ =
Lxl

VIV +X2 +XoX1.E

11pl =Tyl = X XK+ XX+ XK,
-a2x ‘ -.a_xz
I = o, v Lo=xag— h
Is = BIo +N1'1 |
_ -BX2(-%+3.\/§/2)E-J_ . NE(X;+X,)
T XX XXt %%y Xy Xot XX+ XoXy
= ml {XZ(N+B/2)+NXO*J;BX2 V3/2 }
’.°. [Isl = m{Xg(B2N2+BN)+X3N2+XOX2(BN+2N2)} %

| 2B (8% 1P+BN) +X2N2+x X, (BN+2r®) | i
IR EE R

»

ol

{ (B2+1PeBN)+x /X, (BI+2IP)+ (X /X)) 2 NP }%

Tel

Now ’

V3 VX /%) + X /R

cee (12) ‘

Representing [ I,/I; ] by the symbol X for simplicity, we can

derive its numerical value for all the cases considered above by

assigning proper values to the constants M,N,4,B and C in all the

above mentioned three combinations one by one,

(1) For example, taking N = +1, in equation No.(1l),



(65)

If M=2, K

.

1/3(M+X)
1/3(2+1)
= 1,0

Similarly for different values of M and N the values of K have

been tabulated as unders

2 4 6

X 1.0 1.6 3.6

|
'
|
!
'
™
!
1
t
i
]
[
1

0.33 1.0 3.0

Now, considering equation No.(2) and recalculating as above,

for K = 1/3 (M2 + N° - ym?

]
N =+% ; N= -1
:
M 2 4 10 | 2 4 10

]
. ]

K 0.58 1.20 3.18,0.88 1.58 3.51
R ]

A plot of the above results is shown in Fig.(4.l.12) (a) & (b)
which indicates that K attalns greater values for N=+1 in case of
phase A to ground faults whereas for phase B or phase C to ground

faults K attains higher values for N = -1,

Next, considering equation No.(3), we can obtain various values
of K corresponding to different values of M,N and Xo/Xl. The

results have been tabulzted as under-
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N=+1 X N= -1
y £ (K y K y ¥ K X y "y
(M=2)  (M=4) _(M=10) (M=2) (M=4) (M=10)
! 0'o.66"' 2.,66] 1,33 2,0 t 4,0 !¢

3) »Jik4c?4

10,415 1.45 ' 4,45 1.66' 2.7 ! 5.8 !

1
10 '0.492' 1,59 ¢ 4.861 1.70t 2,8 ' 6,08 ¢

A plot of these results is shown in Fig.(A.l.2a) wherein

it is seen that values of K are smaller for N =+1 than for N=-1,

Exactly as has been done above, equation No.(4), which can

be written as -

151 {Pexyx) Oamer®) e (x/x FoP P am) b

| Ip|

oy ¥
V3{1+Re/R + (X /%)) P) . ”
has also been calculated for different values of M, N and

XO/X1 and the results are tabulated as under.

N=+1 ¥ N =1
_Xo , K ,K , K X , K . X
22— | (=2) '(M=4)'(M=10i =2) ' (=a) ' ¥=10)

1 ' 1.15 ' 1.76' 3.7 )Y 0.66 ' 1,15 ' 3,06
5 v 1.45 ' 2,44' 5,5) 0,90 ' 1.84 ' 4,9
10 *1.48 * 2,53*' 5.8) 0.94 ' 1.95 ' 5.2

A plot of the‘above results has been shown in Fig.(A.l.2.b)
wherefrom it is clear that values of K for N = +1 are more than
N = -1,

(2) In equation No.(5) constant A has been varied from 2 to 10,
B from O to 4 and C from -1 to +1, The calculated results have

been tabulated below,
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(a) Taking C = -1, we obtain,

=0 B=1 B=4 X
Aézj{'z; {16121 4 {10 %2 114 I! { TI’* {10

K Y1.0 1.6 Y3.6X1.3Y 2.0 4.0 I 1.6 Y2.3 J4.3 Y2.3 X3.0 )5.0

(b) Taking C+1, we obtain,

I B=0 Y B=1 I — B=p I B=4

atmany

A 2 ¥4 J110¥2)¥4 110 ¥2 Y4 Y10¥2 J4 )10

K J0.33Y 1.0 3.0X0.66 1.3 3.33Y 1.0 Y1.6 X3.66)1.66)2.33Y4.33

These results have been plotted in Fig. No.(A.1l.32)

Considering equation (6) in the same way, the results obtained are

as under:

(a) Taking C = -1, we obtains

] 520 BT S I 52
A Y2 Y4 Y10¥2Y4 Y10 ¥ 2 Y4 Y0)2 Y4 Y10

K Y0.88Y1.53)3.5 J0.88(1.45Y3.38 1.0 }1.45)3.28Y1.45)1.6613.18

(b) Taking C = +1, we obtain,

| § B=0 I B=1 X _B=2 i _B=4
A Y2 Y4 Y10)X2)4 Y10 ¥ 2 Y4 Y10X2 Y4 X0

K Jo.57)1.2 ¥3.18X3.3%(1.0) 3.0 J0.33 Y0.88)¥2.85%0.88Y1.0 )2.64

The above results have been plotted in Fig.(A.1.3b).

Again, Equation (7), is considered for various values of
constants 4, B, C and Xb/xl and the results obtained for K are

tabulated as under-
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A plot of the above results is shown in Fig.No.(A.l.4a) and

(A.1l.4b)e

B) Next, Equation (9) can also be considered for various

values of B and N. The results are tabulated belows

(a) N =+1
i g Y o Y71 Y o Y, Yg XYg LEETH
I I 1 1 1 X I X
I X Y 0.33) 0.66 1.0 )Y 1.66f 2.0 X 3.0 3.66)

-1
X X X 1 X X 1 ) S {
! ¥ Y-0.23Y0 Y0.33%1.0Y1.33 J2.33Y3.0 X

~
o'
A
=2
]

Similarly considering equation (10) following results

are obtained.

(a) N = +1
X i X )| 3 8 1 Y 1 X
y B 1 © 1 y 2 y4 y 6 4 8 y 10 i
I K Y 0.33 ¥ 0.233)Y 0,58 J1.20 ) 1.86}§2.5 X3.18})

Y Y Y T I Y 1 X
B 3 % yl g2 y 4 46 y8 y10y
I K Y 0.33 § 0.58Y 0.88 § 1.58}2.18 ¥2.85)3,.,51}

The graphic plot of these results is shown in Figs. (A.1l.53)
and (AoloSb) .
Again, by putting in values for B, N and XO/Xl in Bquation

No.1ll, following values of K were obtained. |
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(a) N = +1
/% Qggg) ' (§=214 ' (B=4) (ggs) ' (p=10
1.0 -0.66 0 0.66 . 2.00 2.66
5.0 0362 -0.415  -0.208  0.208 0.415
10.0 20,60  -0.49  -0.38  -0.163  =0.05
(b) N = -1
K K K K X
/% ' (B=0) (3=2) ' (=4) (B=8) (B=10)
1.0 0.66 1.33 2,00 3,33 4.00
5.0 0.62 0.83 1,03 1.45 1.66
10.0 1,508 0,708  0.815  1.03 1.14

i

- Similarly for Equation ({2) various values of K obtained are

tabulated as under-

(a) N=+1
] K T ‘K t K f 1 T
Xo/Xy ' (B=0) ' (B=3) ' (B=4) ' (B=B) ' (B=10)
1.0 0.66 1.15  1.82 3.06 3,72
5.0 0.62 0.75 0.94 1.26 1.45
10.0 0.59 0.66 0.77 0.9 0.99
(b) N = -1
X T X' K X ' K
B/X)  + (B=0) ' (B=p) ' (B=4) ' (B=8) ' (B=10)
1.0 0.66 0.66 1.15 2.4 3.06
5.0 0.62 0.54 0.54  0.74 0.90
10.0 0.59 0455 0.52 0453 0.57
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A graphic plot of these results has been shown in Figs.
(Aolosoa) and (Aoloeob)o

From the above mentioned graphic plots it is quite
evident that the combination M12 + NIl will be the best form
of combined sequence output. This has been further discussed

in article 2.3,

A.2, SELECTION AND CONTROL OF POSITIVE AND NEGATIVE SEQUENCE
CURRENTS 2

The sequence network used to derive the relaying quantit-
les is shown in Fig.(2.5). The three operating quantities,
the positive, the negative and the combined positive and negative
sequence components are derived simultaneously by the same network

which is supplied from three C.Ts. which are connected in delta.

" The delta currents ip, 1q

are fed to the sequence networks and are related to the secondary

and ir, as shown in Fig.(2.5)

currents i, 1, and i  as shown in Fig.(A.2,1). The currents
Ii and Ié passing through the positive and negative sequence

network, reSpectively‘are given by-

' 0
= + * e 0 [ IR X ]
I, =K (1p iq/60 ) (1)
t (o]
I, =K (ip +1,8600) ... goo (11)

Wherey, X 1s a constant, depending upon the loading
- impedance whose values are maintained equal on both sides of

the network.

The combined positive and negative sequence output is
obtained by adding the outputs of transformers Ty and T4 as
shown in Fig.(A.2.2) in one arm of a bridge composed of the
two resistors R and the centre tapped transformer T3, as shown

in Fig.(A.2.2). This bridge connection has been specially
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used here so that the feedback between the positive and

negative sequence outputs is avoided.

Refering to the Fig.(A.2.2.), we find that for any
value of r connected across the secondary winding of T2,
output voltage VO is given by~

' t _rR_
By ' '
or Vget(2+ r)I2 + 13 voe cos (iii)

where I1 and 12 are the currents on the secondary side of the

current transformers as shown in Fig.(A.2.2.)

In Equation (iii) we can write M = (2 + R/r) for the
coefficient of I,,

..o Vo : MI2+NI]. eve ) (iV)

Graphie plot of equation M = 2 + R/r has been shown in
Fig.(A.2,3.) from which we find that M can have values between:
2 and infinity depending on the values of r and that in turn

varies the output wvoltage V° accordingly.

A.3. FILTERING OF THE COMBINED SEQUENCE OUTPUT VOLTAGE |
As described previously, the positive half cycle is used

for local tripping whereas the negative half cycle is used for
the transmission of blocking carrier. By refering to Fig.(4.3.2.)
it is clear that the presence of negative d.c. transient will
reduce the duration of normally positive'half cycle by the angles
® and P, wvhile a positi¥ve d.c. transient will increase it by the
angles @ and ¥ . |

For external faults, the fault eurrents are approximately

the same at both ends of the line, and owing to ‘the phase reversal
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of the C.Ts at one end, the d.c., offset, if positive at one end
will be negative at the other, and vice-versa. Consequently the
total sum of the shift angles will be zero and hence the operation

would not be affected.

For internal faults the d.c. offsets at the two ends of
the line may be of different magnitudes and polarity. The |
worst condition can arise when the d.c, offsets at both ends are
negative and it may cause a delay in the operation for one complete
cycle. However, since the relaying system is intended for fast
operation, such a probability of time délay may be undesirable
and hence we must eliminate this d.c, transient by using a

filter network.

Fig.(A.3.1.) shows the circuit diagram of the d.c. transient
filter and Fig.(A.3.3.) shows its performance in the experimental

circuit.
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