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SYNOPSIS 

For the past few years, Junction transistors have been widely 

used for power system protection. Because of their reliability, 

long life and high speed of operation, they have replaced thermionic 

valves to a great extent. Only recently, Junction transistors have 

been used for phase comparison carrier protection. It is seen, that 

high frequency, high power transistors, which are not available, 

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 relaying quantities. Selection of such a 

suitable network has been made, which produces all the relaying 

quantities simultaneously, while using only three main current 

transformers. Within this network means have been provided for 

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 bull and 

thoroughly tes ted. 
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1.1.  I'V RODU" T ION ' TO CARRIER CURRENT RELAYING: 

rr'he use of poT7er. line c-rri-r originated long; back in 1918 

but it was not applied to protection pur-poses till 1928. Power 

line carrier hash ecor e an accepted me,  ium for the transmission of 

intelligence for High-ap?ed elaying and several other functions 

between stations on a power system. 	ecause of its versatility, 

it has been ap-)lied extensively to transris5ion 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. unit type of 

ti.. protection if conventional pilot wires are used and it is possible 

N  - t̀om  to justify the cost and complexity of trans-forming information b ,7 	Y 	 by 

means of carrier channels on the power conductors. ?.eceat increase 

in the use of oowwrer line carrier equipment is directly connected 

with the increased load due to the poi•=er industry develop: ent =?nd 

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, provides large savings in copper arid 

other transmission line Materials which, otherwise would be required 

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

slower relaying. 

The major Dart of carrier equipment used for the protection 

forms part of the composite carrier communication equipment. Lately, 

transistorised audio frequency shift equipment has been employed 

for protection along with the single side band carrier corrnun.icat-

ion equipment. 'Yrequency shift technique is used to get over the 

problem of interference and to provide continuous supervision of 

carrier equipment. Iaterfererer problem can be solved by using 
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high not°*e.r amplifiers and reducing the sensitivity of the receiver. 

,.eli=,bility and convenience of carrier telephone circuits for 

^s?p: Itching ?)ermit existing erlernnting and substation equipment to 

be operated nearer to maximum load and efficiency conditions. 

Pilot Wire relaying is particularly suited to large metro-

politan areas where line sections are short and leased or private 

cable circuits are available. For longer power circuits and inter-

connectors, carrier current protection has an economic aclvantao;e 

in addition to the additional functions that it can provide. No 

other equipment generally provides instantaneous and simultaneous 

tripoin- of Widely separated circuit breakers for all tyres of 

faults and all fault locations within the zone of protection. Such 

high-speed isolation of the fault contributes greatly to increased 

contizu.ity of service of minimising fault damage, reducing outrage 

time and enerally improving system stability. 

Carrier current equipment has greatly increased in reliabi.li.ty 

since i-̀ -.s First development. Thermionic valves, a.lthou'h greatly 

improved, have been the chief cause of outages. 'Tnless ^ careful 

ch—c': is maintained on the tube performance, so that proper replace-

ment can be lade, failures are certain to occur. However, Tritb the 

f?eve lo rnent of transistor technology, this raifficulty has been ov.~r- 

come. '3y their very nature, transistors give promise of long life 

and there ore a. means of eliminating the major cause of carrier 

filur from tubes. The overall o')er-, ting time to trip the circuit 

hre 'ers at both Inds has boorr reduced to 2 cycl:s or lesser, by the 
^.a-)l cetion of 	nsistor?.sod equiement. One such sys to i has boon 
ckscri'led in -'.et i..1 in the follo, rizg c^i tors. 
1 	' 	~-~ 1 P 1~ 	rtT 	 T ,' r 1 T'rrrl Y n', • 1 . ! ?LiJ.I ~r J 	.L ~ ~J: 	'1: 	L1 1 ' 	11 	' /TJ.11 v_, 

	7v Jfi'7 
Jl . • 

In ca 'r , '~r cur 1t e syi rig, the sri 1ci le of Off£"'^ u'.o is 
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soT1e-fb^.t similar to the type of differential relaying ei ploycd in 

ni.lot 'ire relaying. 3ut, contrary to the co "mon practice in pilot 

hire relaying, a quantitative coroarison of the currents at the i;-•,o 

ends of the line is not made in carrier relaying. I zste~.:.'. the 

simplest sinal is transmitted, that i~, the carrier is either on 

or on'. yence onor-tion is not adversely af'fectc? by considerable 

var'.atio : in the strorath of the received carrier signal. AF,.3..1 

sho 	schematically the equinnt r cF1irJc for :a carrier current 

relaying system. l.t each end of the protected trans.lission li ae, 

,'  re are erotective relays, a transmitter-receiver un t, a couch ~. -  
ca )eci {nor, line treep and Uric tuner. 

The `_'1i Ida cental re nir: dent i:rrrosed 'c;y the Dover systo-: is that 

the meas used to adapt the circuits for C8 ?'1 ?r eh '1 ~e1 s shall not 

in E. ly 'ray i , iterfe"e 'rit'h1 t'_:.e or cmc ry fu ictioe or the no' er tr" n saiis- 

sion. 	t the same tire, to attain the desired degree of reliability, 

the carrier channels established shonnld be free from interference or 
interrijetions caused by the svTitchi,ng or no~'nal oiler tion of the 

noT-ter systtra and transient disturbances attributable to lic'ntni 1- or 

other causes. It is also essential C."iet the ca:rr1 -r c r c';. `7 

be s ='~',, L'`1 t is, they should be adequnt:ly insulated and protect d 
a- :-st ion ^ '.l and ab aorVQ_ l voltages and cu -rents so as to i_: nose rio 

ha ark. !,o eon )ectad an iaratus or to nersoeeel usj.n end iaiin';gin.. ,- 
' 	 117)'1^'?t. 

"os : i.n`lortant factors is th , '*ice i. "_'tiI'^,..0 b , t'T' 1 

ec „r 	ericv ^fid c r 7 _r c,r,,,n 	t , 	'e 	c'7 . t ,7  

' 	o' 	1 ac! -;tiIS t h_"c': nfnoY' very lQ._ 	:e 	nee ). 
	 O ' ' 

. 	tr c :a'— re very h r'i 	ces, -et enrri r "rs uonclee 
`' 

 

TIT r e e sa. 	'ri s cheanme o i is larr'el,,.. „ ,s:ao e: b1 for the 
-'i ' - ..l .. II 	,  ~~ 	that 	_ ' re a.t t 

	
i x.. so if . '2'.I.',, the 	, . 	

ie 
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corr5 er. 

The -chysi c=?.l •'n.i ecoeozei c reestrictio-as 	posed by a high volva, e 

no'er system li..r'i.t the devices th~ t can be i iserted di'ectly is the 

naTTer li_se to essentially only 	the coupling capacitor and the 

line trap. A little lay be 	said about the lie .e cou.)lisg. 

l..l. Line ;'ouplin': 

mere are several -rays to cou-ole the carrier ter-einal 

U-nT -),iont °rite the line. Some of these, Thich are Host com- losly 

c'gloyed a.re described beloTr. 

l..l.•i.. Siegle Tnt-.rnh ase cou.bli.n. : 

Single i.cterphase cou'7l n as shorn in A''i . (1.2) uses to 

of the three po er phrases of the transmission line as a path for the 

carrier e .er'y, cossequeritly, it is not af {'ected by hi--h ground 

r^sistances or variations in the Pround resistance as in any other 

tyle of coupling -rhe.(-h requires a ground r return path for the 

carrier energy. 

In an inter-ohase coucled carrier circuit, conditions on the 

' nseTires to - Thic'i coupling is not nade have nggligi.blo effect on. 

the ooe~•-tion of the carrier chsnsel. In addition, this type of 

coupling provides a circuit having the most stable oeeratin;; charact- 

eristics, the lo*est attenuation and the loT*est noise 'level. Its 

nri icinal disadvantage lies in. the cost and the construction. complexity 

involve-' in providing coupling and line traps for to n',eses thr. ou '- -

ourt the c±rcu t, as Tell as the comelexity of the lire;-tuning e yuip-

, .ent at terminals and '7y passes. It has beep used most exte.-.sively 

"Or lo ̂ - ha';l circuits 'The.^e its efficiency justifies its hither 

cost. 
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l.".l•`'. r roiind ?a turn rounlf nr: 

r,roizn.d return coupling utilizes only one oh': se -ri L c o the 

trry.nsnisio line and f- ro'i.nd or any other suzita?'le oath for the r} turn 

side of th? circuit, as illustrated in Fig. (1.3) If good grounds are 

present t the carrier terminals, or if a ,round wire is carried 

bet.reez th-; er'ninals, this tyoe of cou?)linr; comiares very favour"bly, 

in respect to line attenuation losses, •Tith internh: se couiling. 

rThe en "1cioal advantage of ground return coupling is th-t i 

rerd.11 r ouires only half the number of coupling caneci tors and 

line tracts as reryuire for full metallic couolin as intcrnhase. In 

addition, the line tuning equipment required at terminals airs 'cy-

passes is usually less complicated. Its 'na.iy. disadvantage •iS its 

so7nehe t hi6h r attenuation and high-r noise level as coma re ith 

the internhase circuit. 

'nor many types of carrier channels, the disadvantages of the 

ground -'eturn circuit are grestly outweighed by its simplicity and 

longer cost. It is almost universally used for all pilot relay 

chi mels and extensively used on medium and short haul circuits for 

all other tyres of carrier chan°iels. 

l..1.3. Intr.ia.se-'o'u li ncr: 

"here a doable circuit transmission line is available betwee,i 

carrier ter airil stations, it is sometimes desirable to use both lines 

for the carrier circuit to ensure its continuity when tither line is 

ta'ien out of service. The intercircuit coupling arrangement shown in 

?l.4) is usod som ti es to )roviO,e this feature. 

This is a form of inter. }+se coupling in rhich coucling is made 

to one ehnso 'ire of one l ne -?nr' to a different ohn.se Tire of the 

other line of a double circuit prvror line. It is only ap?lieable on 

r~ouhle cinci_ii.t lines rhich 're l ncanable of being sectionalized between 
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the carrir terminals. ~There a suitable frequency is available to 

orerit the o)er1tion of the carrier channel ith the incre?sed 

numberofswitchi ng configurations possible on the double line channel, 

as compared with a single line channel, this double circuit type of 

coupling will irovide uninterrupted carrier service with all phases 

of either line solidly grounded at any point. In this respect, it 

Trill provide most of the advantages of double circuit interphryse 

coupling but with half the cou-oling capacitors and line tuning 

assemblies reaui.red by double irlterp',l^se coupling. 

1.2.2. Coupling Capacitors: 

Covering a considerable range in dielectric material and 

physical shape, the coupling capacitor has attained the status of a 

standardized and highly dependable piece of equi,)ment, universally 

accepted as the standard means for con~.ecting carrier circuits to 

high voltage lines. In its modern form, it consists of an assembly 

of one or more porcelain shell, oil filled paper dielectric capacitor 

units together with a base unit containing a grounding switch and 

protective equi-)ment. The individual capacitor units are co-ordinat-

ed as to capacitance and voltage rating, so thet they may be con.nect- 

ed in series to form assemblies for any standard circuit volta^~e. 

The inclusion of the protective equipment in the capacitor 

base is now a standard practice. This protective equi?nment usually 

consists of a gap and a power frequency drainage coil as shown in 

ii'.(l.l). The drainage coil ordinarily consists of an inductor 

connecting the lowe voltage side of the capacitor to ground. This 

coil which has an imbedai ce of over 50,000 ohms at carri^r frequenc-
e - -nd lvfls than 100 ohms at power frequencies, serves to provide a 

path for the power frequency cu:^rent of FaOmA or so through the 

capacitor to ground and thus maintains the lead to the carrier 
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equi2r_ient at a normal noi, nr frequency of loss than 5 volts. The i'ap, 

,Thich is connected across the drainage coil, limits the volta °e 

•thich can be built up on the carrier lead during transient voltage 

disturbances. 

,Prom the standpoint of power transrulission system, it is essent-

ial thi.t the insulation level of the capacitor as,-eribly, in te-'nis 

of in-)ulse, wet and dry flash over withstand voltages, be coordinated 

with th^t of associated cower line ap'earatus. 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 /1F. 

Also, from the carrier circuit standpoint, it is essential 

that the carrier lead brought out from the base of the caoncitor 

assem'^ly be ?tell insulated so as to maintain low capacitance and 

high leakage resi-•tance to ground between the capacitor and the line 

tuning equipment. 

1.9.3. Linn-Traps 

In its simrnlest form this device consists of an air core 

reactor with a Fixed or t,?oned capacitor connected in parallel to 

foru a parallel resonant circuit. It is used in series with a 

conductor of the tra. ismission circuit to orovide a high impedance 

or trap for the currents of the carrier frequency to T-Thich the 

resonant circuit is tuned. 

In this position, th•o reactor of the trap must carry not only 

the norm^.1 line current but all ab corm 1. or short circuit currents 

that the lino itself is exoected to carry. Its position in the line 

Plso 	os it to traisient high voltage ;isturb nnces attributable 

to limhtai --ir an switch; n7, and adequate lightning arrestors must 

be 'ovi e' icrocs bot:: ' ai citor and reactor. 
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Pr^ctical consider , tions of' size, --eicht and cost have 

limiter largely the 'iaximum inductrnce available in the line trap 

reector to ae Iroximately 250 micro-henries. '...ere it is necessary 

to tr=rn more then t,,ro Tridely separated channels in single line 

ce rluctor, additional traps are generally used. 

,:ore speci.fi cal'.y, the ari icipal apclications of line traps 

may be lis ted as T olloi.Ts 

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

P. To Minimize the effect of low imeedance shunts. 

3. -r' 	interruption attributable to external faults or 

inteiiti.onally ^nnlied grounds. 

4. To isolete the carrier ch- -inel effectively. 

l..4. Line_Tuner: 

mhis equipment, located in the circuit between the cou)lin,; 

capacitor and the carrier terminel eauipment, nerforms the riiary 

function of tu.ninF or resonating with the capacitive reactance of 

the coupling capacitor to provide a low loss path for carrier 

freeuency bet•teen the terii_ .al equip'ent and the -ower line. The 

comb.! nation. of th, line , tui ng equinrnent end coupling; capacitor iay 

he thought of as forming a -'filter of the band pass tyre, pass!l^ or 

of `ori a a lo- loss p^th F'or the rl^sired carrier freauencies or 

ch;,nnels anr9 rejecting or offering ; a 'dish loss path for the power 

frequency and undesired frequencies in the carrier band. 

The most commonly used line tuning equipment is available in 

standard units, having venous arrange,ee .ts of variable i.nd'ictor3 

and cc citore that can b • combined to form roso cant circuits {'or 

OCC or mo~ ' channels i n the normal ran.-e of 50 to 7_501:r . 

In its s_" ilPs-t form, for a sLnrle frequency or channel, the 

line t'Jni. -1^ ''"'L'Li.y"i'ert `,,, y consist of a 51.1^ "l  ' V nie'e1e j aductor 
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connected i n ` ,:"ies 'ri th th^ coullDli ̀ 1£ c 	citor to 'or"t a S eri3S 

resonant ci rc'l7_t for tho carrier fro,11, enc,' Used. uch a circuit 

i s so„ 1̀ in.. !'? . (? . 5) hore for s;1.mnl7 city 	cround 'etntrn circuit 

is assumed. cince the port: on of the circuit batt-reea the cai ecitor 

and the line tua.nin-ig. 4 edu.ctor o-)er - tes at h_ 'h carrier "rac'iency 

3mnedance (to -round) it is hi •hly desirable th^t shunt ca??acitance 

or leakage to ground in this lead be keft to a minimum for maximum 

efficiency. 'or this reason it is usually desirable to locate the 

line tuning equiament as close to the cou-plinp cn citor as possible, 

in order to '.keep the length of this lead-in conductor to a minimon. 

More recent practice is to install all terminal equirment 

indoors and to carry the circuit in from 11nc tuning enuiement 

throuch a specicj log•* loss concentric cable. 

1.2.5. Transmitter-''oceiyer Unit. 

The transmitter-receiver unit resembles -k si•rple radio-

telegraph tr?nsmitter and receiver. The tr,nsmitter consi is of 

a -,aster oscillator and a no•.rer . plifiar. Its outout is from 5 

to ^-0 ratts at a frequency •rh ch may be adjusted to any value bet,•reen 

50 and 150 kilo cycles per second.. The outrut of receiver goes to 

the protective rel=ys. `,ach receiver on a tiro terminal line is 

tuned to the same frequency as the transmitter at the other terminal. 

tither the same frequency May be used for transmission in both direct-

ions or a different frequeicy may be used in e .ch direction if this 

is ?esired For the non relaying functions of the carrier channel. On 

^. 'i'I tite' ii nal line, however, all transmitters and receivers should 

be tuned to the sane frnnuencv so that each receiver --ill r ,sponc' to 

bhc ±r^ ismitter at any othr termi aal, and _i.nci:de ltly to th' trans- 

Iter at the same termi m1. 
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1.2.6, Curr r-'ir ?yuencv: 

The frequency range from 50 to 150 '-ilocycles or second 

has been r^cogaised as standard for nowor line c firrier enui'oment 

for a number of years; for this reason, the bulk of application 

effort is devoted to carrier ch'n,iels in this range only. There 

are several factors that should be considered in selecting a 

frequency for a new ch,'- iel. If there are already carrier chsn-iels 

in use on the system or on adjoining interconnected systems, the 

question of tiossible interference *T? th these other channels is 

usually of nri-nary importance. The si acing of chat ,.els is largel~~ 

dependent on the type of chareels involved, the selectivity 

characteristics of the carrier receivers and the carrier poster 

levels. 

For some tyres of channels such as are used for single 

frequency arty line teleehone systems, reflections attributable 

to untrap°eed branch lines or short tap lines may limit the choice 

of frequencies that 'i1l give satisfactory transmission bet~•reen 

all stations unr?er a variety of line configuration conditions. 

Often, in these cases, it is necessary to r1ake, circuit .frequency 

characteristic Measurements before the best frequency can be select- 

ed. 	or most medium and short transmission lines, however, reason- 

sble judgement in the use of line traps still usually permit a ?ride 

choice of frequencies. In order to reduce the interference on the 

adjacent carrier systems to a minimum, a carrier frequency map 

sboatld be maintained from hich all new frequency allocations are 

coordi rated,. 

1.2.7. Attenuation: 

The attenuation or dissipation of the carrier frec!uency 

ry 1cr y 

 

in the course of its transmission from a carrier trans-

mitter at one te.r-_sinal to a carrier receiver at another terminal 



may be considered as analogus to voltage drop in 50 cycle power 

tr^nsmnission. :fin attonuatioi of 40 db, is not uncommon in tr~ns-

mitting carrier energy over long lines. TTi th this amount of attenuat. 

ion, a transmitted ooTrer of 1@W Trould appear at the receiver as only 

0.001 *att. The nriacinal attenuation components have been described 

in the folio,-rinw lines. 

1.x.7.1. Attenuation in Lead-in Cable at Transmitter Terminal: 

This component is the loss in the concentric cable between 

the tr~tnsmi tier terminals and the terminals of the line-tuning equip-

nent or couDling equipment. j-Then the line tuning equip ent is locate< 

with the coupling capacitor and the cable is pronnerly matched through 

an i?nijedance matching transformer at the tuning unit, this loss is 

determined by multiplying the cable length by the attenuation per 

1000feet indicated for the carrier frequency selected 

When both the terminal and the line tuning equipment are mounted 

tocpether and are located near the coupling capacitor, no loc!s is 

included for this com,)onernt. 

1.2.7.9. Line Tuning and Coupling losses at Transmitter-Terminal: 

The losses in the line tuning; and coupling equipment will 

vary sorlei*hat Tit;i the complexity of the tuning circuit and the 

frequency used. IioT•ever, 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 -'or such losses at the receiver terminal. 

1.2.7.3. Transmission Line Attenuation: 

The attent!lation of the carrier energy, in transmission 

over the poTrer line itself, is influenced by a number of factors, 

ori cin al ^mong these arm size, se cin, , insulation, and disposition 

o' line conductors, the carrier frequency used, the type of cou.unl_ing 

used, thet is, irhother it is ground return or interphase and so on. 
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='or practical nllrroses, -,o .e o l' these variables can be neglected 

and others combined to 'ormn a set of curves, !rhich give attonuat-

ion is c?bs per mile of transmission line corresponding to the 

carrier frequency chosen. 

1.2.7.4. Attentt tion Attributable to Connected Poorer Ae earatus: 

dost high voltage poT-er transformers apeeewr to the 

carr±-r circi.lit as a relatively hi;Yh c~ n':.c! tive reactance, and a 

line terminating in a transformer behaves at carrier frequencies 

os -entially as though it rere terminated is an open circuit. Such 

a shall auount of carrier energy is transeitted throuc°h a tr<ans-

foruer ti- .t it is seldom necessary to trap it. It is most convenien 

to i lclu.lde this small amount of loss in the line loss itself. 

1.2.7.5. _attenuation in lead-in cable at 'ieceiver morminal: 

`;'his loss is also considered in the same '-ay, as the lots 

at the t"ensmitter terminal as indicted orevio e1y. 

1.2.7.6. "'ult1.nl-ring Factors: 

The increase in attenuation of a po=-rer line carrier circ'ii-
as a res111t o' formation of ice, seoTr or frost on the line cond.zcto.~: 
^.1 	i ' I..." O"S has "got as yet aee -i deter: lined accuratelyr. RoTTever 

th- most s - tisfactory method of a,ccomodrtinr these veriations is 

t'hroi h the use of multi.mlymn factors ranging nearly from 1.2 to 

1.7. 

1.3. 	0 	A tI 	T'' 4L ?T 'yLAV " G H 115 : 

'herr, ere t?ro main schemes to er,.eloy the carrier current 

' lay- .n .n T'or th o ,irrose of protection. These arc, the 7irectio_zcl 

cor1eariso ^,.nc viii ' tease come e rlsol relaying. T?ch o' these has 

5nen "Jscus-ed in the follo'rl1- lines. 

1.3.1. 	`rti or l "o loar.son choe: 

'r ''r e lot relay sc::s ?es I)f the directi o ia1 co-u-oari son tv'De 
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on -e-at acccrdinn" to the "o]1o1.d-ry ')riacin1':'. 

Trion :h 9 occurrence of fault, ei ,h r ' "1 the protecte section 

Or ling or in a nearby section, non directional fault detector relays 

crc actu2ted at each line terminal throuch -,hick o1r-)r is fed to the 

fault. 	ch fault detector r-lay turns on the carrier current 

tr s ti'- er t its own tertainal. If hoever, the directional relay 

^t .ay t .r ii nal shows that the fault is flowing iito the erotacted 

sectio ., ;'. t relay turns off the carrier current tr'.-nsrlitter. The 

p. se ice of carrier oa the line serves to block trip ein-; t all 

;erm.i nal:. ';,, r; ' an oxter ,gal fault, o- ,er .,ill flo", ol:t o ° the 

1; ie at one terminal, and s, carrier signal transmitted fro '. that 
,er' i°'".1 ,'1.11 er vent tri? ?in{" at other ter''J ncals ' . ,: e 	r -3_ i 

o ;. u- in. 	'ri , an i. sternal 'a,,l,,o_Z the oLhe 	, ,oe,; , i. 

ii . ZT lo'' i ate the 1J_ °1c + ror all. to r Ni a  1 s , ' i,1  cr: r es alt thet

all 

 

 c:errier tr^csr itters rill be tar ped off and the r ...e T et 1, 

ter~; ill. ,•~ 	 he free to trip i.ast7ataneously. If, at the ti o of 
an i a.t-,rnel Fault, a breaker is already open at one terminal or if 

there is ao nolror source there, then tha fault detector . 'ill _lot 

turn e'n tie 	ca '"'i^r trans`]. t.t,er h 	c, th,_is tri e '1..'"It; '.*_ill not ho 

' 'AZT the 'ect ti at no norer flolrs i t i at that tern cul 
to *H ke .' he 	j . -,ct- ..lc l 'e ay t?u" e. of th 	C:_'_ier Lr= 1 	`'"; 	~, :Ia 1 	' 

1 O 	i ; a hloc'i. n 	i_lot, ci ice Thereception  oT 

2. Ylot = ^''.l 	jet re tizir,r? to '- pit trip ing.  

''?^ .'.; sectional comparison carrier pilot relay schemes in 

current use ar h'i lYa.rolmd standard 3-zone seep typo distance 
rC.l 	These relays act in the 	el 	e~ the first ~ys. 	~_.,.~ 	act 	 ~ ~ su~. :~a~.°Zer to clear t~, 	~'i 
zone faults instantaneously, and for back up 'erotection, to clear 

thi rd zone fa-ults with time delay; but time delay is avoided aor 
end zone rh ijse faults through bypassin:^ the second zone ti lar 
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contacts by ca.-rier controlled contacts. Separate carrier and 

back ur relays are used Cor croun'i faults. 

1.3.2. Phase Comparison Schemes 

Phase com-oarisoa relaying equipment uses its -pilot to com)are 

the Abase relation between current entering one terminal of a tr.ns-

mi :sion line section and the current leaving the other. Like some 

pilot wire relays, this scheme utilizes a single 3hase relaying 

quantity, thich is obtained by linear combination of the line currents 

through a filter circuit. The phase difference between the relaying 

auantities at the onnosite ends of the protected transmission line 

determines whether the circuit breaker should be trinned. During 

normal conditions or during external faults, the currents entering 

the line at one end are substantially equal to those leaving the line 

at the other end, or in other words, the currents entering, the line 

at one end differ in phase by approximately 180°  from those entering 

the line at the other end. During an internal fault, ho?,never, the 

relaying quantities at the two ends of the line have some other phase 

difference (usually near zero). The existence, at either end of the 

line of a relaying; quantity large enough to indicate the pretence of 

a fault will trip the circuit breaker. 

The existence of a fault of any type ofi the protected line or on 

a neighbouring circuit produces a large enough out-out from the filter 

to actuate a fault detector relay. '."his relay turns on the Carrier 

cur'ent tr7.1smitter, "hick, however transmits only during alternate 

half cycles. If the fault is external, the t rensrnitter at the other 

end trens-ei is 	firing the half cycles T.rhen the local tr.e nsmitter is 

inactive, and a blocking signal is received all the time, alternately 

from the near end and from the far end. If the fault is internal, 

the carrier signal received from the far end more _nearly coincides 
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T.*ith the local signal, and there are substantial portions of each 

cycle during which no blocking signal is present. Under this condit- 

ion, the local circuit breaker is tripped. The same action occurs 

at each end of the line unless the fault is fed from only one end. 

With feed from one end only, no carrier is transmitted from the 

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

ing end, no blocking signal is received and the breaker is trip3ed. 

Inform, tion regardi z7 the nhz se angle of the derived 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 lines at each and simultaneously in blocks corres-

ponding to alternate half cycles at the power frequency. During the 

half cycles at each end when carrier is not being transmitted, trip-

ping is locally effected unless it is blocked by carrier received 

from the remote end. ,►n arrangement is commonly adopted in which 

the blocks of iodulated carrier injected at each end are in phase 

opposition for the case of through fault; blocking carrier is thus 

received at each end during its tripping half cycle, and tripping 

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; the circuit 

breakers will operate since no blocking signal is received during 

a tripping half-cycle at either end. These arrangements have been 

indicated in Fig.(l.6). 

1.4. R aLATIZr P"3OPEITI S OF DIS CTTONAL AND PIAS ''01PARI3O.1 SCHE ' 1S: 

On the surface the directional comparison scheme appears more 

complicated, but this is because the back up elements are combined 

with the carrier elements. Disregarding back up elements, the 

directional co-~parison scheme has more mechanical oa-Us and contacts 



-to 

ka) 

1b, 

CT 	Secttonl 	CT 	CT Section 2 	C'r 

F 9 	 9 I Fou« location f 	I 
{o 	to 	 to 

	

Hi 	fl L t L• 	fl-.  
I 	I 

 

H H UH _  

~l~ l~ILL1114  
41 

L l 

	

 
II 	i 	I 	~ 	iI 

(e' 	I 	I JI  I 	I  

	

I 	i 	
I!~  

I 	~ 

H LB,t 
P. 16 Arrant ement of Carrier card ModuLtin $i nals 

4 or a Phase Comparison Carrier Protection 
(A) `xte rna1 
cB) Internal 

(a) FQU&t Current. 
b, Local ansmifted Carter 

tciTtpp..nI Half Cyc.es. 

fault Cont ion. 
Faint Condition. 
kd) Re cc ived Carrier 
c e) Phase Compaadto r Output. . 
t f) FrnaL 1itppLng St ia1. 



(16) 

and fe-rer electronic circuits, while the phase comparison sch,me 

has fewer mechanical elements and contacts and more electronic 

circuits. The choice of systems o-. this score alone is largely a 

matter of hether one prefers electronic or mechanical parts. On 

the basis of equivalent back up protection, the two systems occupy 

apnroxi~.ately the same amount of switchboard space. 

The absence of inherent back up protection in the phase corp,ari 

son scheme is an advantage in applications where the ca.'rier system 

is used to su iple-nent existing slower speed relays. There is merit 

in having two independent relay systems, with the phase comparison 

carrier system as the first line of protection and another system 

for backup. 

A major advantage of the phase comparison system is that no 

potential transformers or potential devices are required for its 

operation. This advantage is nullified to a large extent if potentia 

sources are already available or if the back up s;Tstem 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 protected line or the 

associated bus. 

Because the phase comparison system operates from the line 

currents alone, it is immune to out of step conditions. The 

current entering an frifaulted line section at one end is always 

equal to that leaving at the other, regardless of system swings. 

On the other hand, the distance elements used in the directional 

corr arison scheme may overate on out of step conditions or system 

swings. This occurs rhenever the imnedEnce, that is, the ratio of 

voltage to swing current falls within the tripping area of the 

relay. 
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Other advantages of the phase comparison scheme are its 

imx .unity to false operation as a result of the following: 

1. Zero sequence induction from parallel lines. 

2. Unequal closure of C.B. Poles 

3. Loss of potential due to blown potential transforier fuses 

or other causes. 

fowever, directional comparison system is tha best suited one 

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

son system has restricted application to multitermiial or t^pped 

lines . 

From the two basic systems, the relay protection engineer 

must select the system best suited to his particular application, 

taking into account such factors as economics, system oneratirig 

requirements, previous experience, and the available indications 

of faults or troubles. It is these factors that make each relaying 

problem different from the previous ones and make protective relay-

ing as much an art as it is a science. 
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2.0. PHASE CaIIPRI30:d SCTITII S: 

phase comparison carrier current -elaying 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 chase comparison carrier current -Tas brought into practice 

for the first time, only thermionic valves Were used, but, with the 

advance_aent in transistor tech.nolo y, the transistorised scheme of 

phase comparison carrier current protection is coming up rapidly 

because of the inherent advantages of reliability, long life, quick 

orerction etc. Both of these schemes have been described in the 

following lines. 

2.1. PITASE COIMPARI50-T SYSTEM EMPLOYING TK'r;  ,1IONIC VALVES: 

Fundamentally, the operating princi-ale 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 

diagram in Fig.(2.1) and Fig.(2.2) gives a simplified circuit diagram, 

In order to obtain the best method of combination of individual 

pease currents into a single quantity for comparison, various scquenc( 

currents present during different types of faults are considered. 

Since the use of nesrative phase sequence current appears desirable 

for all types of faults, the equipment uses negative phase sequence 

network with provision for developing a network outout on three 

phase faults as has been shown in Fig . (2. `?) . This provision consists 

of three phase-over current relays, oDer'tion of all three shifting 

the network so as to introduce a positive phase sequence component 

into the network outnut. Thus the equipment functions on three phase 

faults at a current magnitude above full load, but for unbalanced 

faults, phase currents of less than full load magnitude will cause 

operation. 
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Any relaying system for the general aplication must provide 

high sensitivity during ground fault conditions. If, because of 

possible uabalancedloading, the desired high sensitivity is not 

attained by means of negative phase sequence current alone, then, 

zero phase sequence current may also be used to obtain the desired 

network out-out. This will make the network output of the form 

I2  + KI0. 

2.1.1. Description of the Relayinguipment: 

All of the tubes are of the type 25B6G like those used in 

the associated carrier current- transmitter receiver. 1'411 the 

auxiliary relays except the seal in relay are of the telephone 

type oper•ting at their normal contact pressures, thus ensuring 

reliability proved by long experience. 

With reference to Fig.(2.2) the network is housed in a case 

and consi~ts of transformers Tl  and T2, resistors R1, R2  and R3  

and Ca acitor Cl. T1  =end, T2  are fed from phases . a dnd c respectively 

and R3  and Cl  orovi',e a 600  phase shift of the out--iut of T1  so 

-̀ hat, with bl<nced to :d , the voltage across C1  is in phase with the 

,)ut--)ut of T2, 1rhich is then adjusted to equal magnitude by R2, so 

thet, the vector difference is zero. Zero phase sequence current 

is neutr^lized by ground-current •-indings, one of Th .ch has taps 
for adjustment of K. The output of such a network is proportional 

to negative sequence current and zero sequence currents only, and 

independent of positive sequence current. On a phase to phase fault, 

such a network gives the same magnitude of output voltage regardless 

of which pair of phases is involved. In order to provide for a three 

phase fault, ov^,rcurrent relays in the three phases, :-larked as 0 in 

1'i.g. (2.2) are so connected that if all three pick up, they change 

the setting of Rl  so as to unbalance the network and thus introduce 
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a positive sequence component in the out-)ut. 

2.1.2. Amplifier: 

The amplifier allows the use of low burden network by permit- 

ting is to operate into a high impedance, and provides energy to 

drive the carrier current transmitter. Also the ampli.fi~r output 

controls the fault ! et3ctor and provides the comparer with a local 

vol`age for comparison with the incoming carrier current signal. 

It co isi-.ts of tro tubes o=perating in push-pull through an output 

transformer :Thich provides a match with the load resistance consit-

ing principally of the transmitter screen grids. 

2.1.3. Fault-Detector: 

This element is necessary to ensure (on an external fault) 

that the network output is sufficient to drive the transmitter and 

produce an adequate blocking signal at the remote terminal, before 

permittin- any attempt to trip. If the same carrier channel is used 

for comzunication, the fault detector also serves to transfer control 

of the channel temporarily from communication to relayin,- for the 

duration of a fault. 

The fault detector, as shown in Fig. (2.2) consists of a voltage 

divider 4°esistor, a full ,-rave rectifier, a tube, and an auxiliary 

relay for its plate c.ircuit. The rectifier is supplied from a 

separate 'riading on the amplifier uutnut transformer. The use of fault 

detector tube permits compe nsa.tion, by proper biasing, for the reduct-

ion of the amplifier output voltage with d.c. supely voltage, thus 

?~rovirding a fault detector pick-up which is substantially constant 

over an adequate range of d.c. sup,~ly voltage. 

2.1.4. Comnarer and Trip-delay: 

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 comparer consists of a tube, a voltage divider resistor 

to adjust its plate voltage and the trip relay in its r late circuit. 

The tube is mounted on the relay auxiliary unit in the carrier 

cabinet to minimize the pick up in the lead from the carrier 

receiver to the comparer control grid. The other elements are 

mounted in the tripping relay case. A winding of the amplifier 

output transformer T4, energises the screen grid of the comparer 

tube, positive relative to the cathode, during one half cycle, and 

negative during the other half c?rcle, During the positive-half 

cycle, the comparer tube will conduct and cause the trip relay to 

operate it no incoming carrier current signal during that half cycle 

causes a negative voltage (rectified carrier signal) to be applied 

to the control grid, thereby blocking tube conduction, and coaseau-

ently, the trip relay operates. 

2.1.5. Signal Alarm: 

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. When carrier current is received, the same 

neg-tive voltage that served as blocking voltage in the comnarer 

is an)lied to the control grid, reducing the signal-alarm plate 

current, thereby causing the 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 standby conditions, this voltage is 
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zero and no carrier is transmitted. ?hen 50 cycles excitation 

voltage from the network amplifier is applied to the screen grid 

circuit, the tr-  nsmitter sends a signal on the positive half cycle 

and is definitely blocked during the negative half cycle of the 

excitation wave. 

The carrier current 'eceiver rectifies and filters the incoming 

carrier wave and thus provides a nulsuating D.C. blocking voltage 

which is applied to the control grid of the comparer tube. A twin 

diode tube is used in the receiver; one of the diodes is used for 

the relaying function ¶chile the other is used to drive an audio-

amplifier for telephone or other service employing audio modulation. 

These diodes operate on opposite half ¶raves of the carrier frequency 

cycle to obtain a balanced load on the receiver circuit and to reduce 

interaction between the two circuits. 

2.2.  PHASE COMPARISO zI SYSTEM MPLOYI'TC JUCTi ON mRAN"3I'3T0"ZS: 

The problem of applying transi:tors to phase comparison 

carri(r protection has been investigated extensively during the past 

few years. 	lthough, in its operation, this scheme resembles the 

one using thermionic valves, yet there is a lot of difference involved 

in the circuitry. There is no question of taking normal electronic 

carrier equipment and regulating it with transistor equivalents. 

substantial economy can be gained by this method, in addition to 

the advantac-es associated, with power drain, h.t. and heater supplies 

and the final equipment has got the following features of major 

interest. 

(a) It is trholly electronic from the starting circuit onwards, 

with the oxceotion of the final slave relay, and cons? 'ts of a number 

of separate functional units each arranged as a plus-in sub-assembly. 

In oarti.clalar electromagnetic relay arrangements 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- receiver 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 entirely 

different functional role; 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. 

(c) 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 

AIsolating diodes. Whilst a combination of them is fed to the 

squaring circuit through a filter which eliminates any harmonic and 

d.c. transient which may be present. The starting circuit will pick 
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up when the amplitude of the negative sequence cornonent exc,}eds a 

predetermined level, ar alternatively, rhen both the amplitude and 

rate of increase of the positive sequence coin onent exceeds a pre-

determined level. The only Jif.ference between these two starting 

arrangements is that, with negative sequence starting reset only 

occurs with fault clearance, Whilst the oth-r method has automatic 

reset after a predeter:ined time unless reset has occured earlier 

as a consequence of fault clearance. Then the starting circuit 

picks up it produces four stepfuriction o zteuts Trhi ch are fed to delay 

circuit, modulated carrier circuit, phase cor.rarator and slave relay 

circuit. 

The starting in-out is preponderant throughout the a.o iaraa.tus; 

each individual unit Which is controlled by a starting signal does 

not respond to any other input(s) unless starting has occured. The 

squaring circuit produces two square waves, one of these is fed to 

the modulated carrier control circuit and the other to phese comearato 

for comparison with the derived square wave frol:i the remote end. The 

phase comparator decides whether the fault is internal and if so it 

-,)reduces output Thich 7.then fed to slave circuit which :Yiust have 

received the starting signal, trips the circuit breakers. The start-

ing circuit signal to the delay circuit causes, in its turn, to 

produce a time lagged output sufficient 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 the square wave fed to the 

modulated carrier control circuit. "'his together with the previous 

existence of the starting signal, causes continuous carrier to be 

t"ans .itted 'rhich blocks tripping at the remote end, thus safeguard-

i"i -  against false tripping rheri an external fault is being cleared. 

The same sequence of events then occurs =At the remote end and 



(25) 

continuous carrier is transmitted to the nearer and with the 

same effect. 

2.3. PROBLEM UNDER CONSIDERATION: 

A three phase, 120 mile long transmission line has been repres-

ented by a lumped inductance of about 15 ohms in each phase, which 

7. "} 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 

both ends of the line through three 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 switci 

which operates a fault producing contactor. Indicating:lamps,)to 

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 connections 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 mentidned artificial 

line. Refering to Fig.(2.3) we see that the first step on our way, 

would be to design a sequential circuit which nicely represents the 

phase of the current combination at 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.1,and a graphic plot of the 



6 0 (n all) Cot 	"` tt o Cc ' o 	p Lt rolcy c3 



(26) 

same is shown in Figs . (A.1i1 to A.1.6). From -these plots we may 

Sim u') as folloTs 

(i) Considering sequential combination HI2  + NI1  we see That 

the percentage output K (_ Is  ( / I IF  1 ) increases as M is increas-

ed. However, the condition for K = 0 can be averted if proper values 

of M and NT are chosen. 

(ii) considering the sequence combination AI2+BIo+CI1, it is 

seep. that K increases as either A, or B is increased, but the increase 

in A Fives more effective increase in the output than the increase in 

B. Here also K attains zero value for the two cases shown in 

Fits . (A.13a and A.14a) but this also can be avoided by properly 

selecting the velues of rl and C. 

(iii) Loo'dng into the sequence combination BIo  + lTI1  it is seen 

that K increases with increase in B, but it does not reach the levels 

obtained in the previous two cases. Moreover for double line to 

ground fault there is a sharp decrease in K, in an effective range 

of X0/X1. 

Fiially comparing the above three cases we find that the combinat 

ion BIo  + dI l  does not give satisfactory output for double line to 

ground faults and is hence rejected. In the second combination AI2+ 

BIo  + CI1, we find that value of K even decreases for some Rid values 

of 1'.. and B for double line to ground fault. Moreover, the outcut leve 

does not increase beyond the one obtained with the combination 

MI2  + 'TI1  even for A = 10. Since one does not find much of advantage 

in including the component -3Io  in AI2  + BIo+CIl, it is economic to 

select the combination -1I2  + NI1  'Thich does not need any elements to 

derive the zero sequence current. However, ?re can easily avoid the 

condition of K reducing to zero by fixing values of II greater than 2. 
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Also, regarding the selection of ',T, we find that for N =+1 and 

X0/X1 =1( a case rhich can arise in practice) in Fig.(A.12a), K 

becomes zero. Hence N = -1 will be selected. 

Surriing up, iiI2 + NIl is the best possible sequence combinat- 

ion, and based on this output and the individual positive and 

ne~^ative sequence output that is needed for the starting circuit, 

a sequential circuit shown in Fig.(2.5) has been designed, the 

design details being; riven in Chapter 3. 

Next, as is required in the problem, a transistorised scheme 

has been used to build up the starting circuit, squaring circuit, 

transmitter, receiver, -phase comparator and slave circuit. A 

detailed report of this scheme has been given in Chapter 4. A 

carrier frequency of 100 Kilocycles has been used for both ay 

traansrnissio:a of carrier. 
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3.0. DESIGNS: 

3ased on the requi r- men'ts of the terminal equilmont for the 

carrier current nhese comparison scheme un"?er consideration, as 

has been described in the previous chapters, the design of each compo 

cent has been considered in this Chapter. .lthough the results 

obtained in practice do not coincide with the calculated results 

eitactly, yet >>rovision has been made to obteint the outnu is of 

various components according to the requirements. For example 

tappings have been provided in the Transactor secondaries, 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 in detail in the following paras. 

3.1. COUPLING CAPACITOR: 

Keeping in view the factors necessary for the design of 

coupling capacitors, as has been discussed in Chapter I, the 

design of the coupling capacitor for the experimental problem 

under consideration may be carried out as under. 

Line Voltage = 440 Volts. 

Let C be the capacitance of the coupling cap=acitor, and let it 

be arbitrarily chosen as .001 pa.F. 

.'. Impedance offered by the capacitor 

to power frequency 50 c/s. = 106_  
211 x50 x .001 

= 3.18 Piegzaohtns . 

I-1nedaace offered by the capryc?.tor 

to carrier .freq'ler,cy 10C" Kc/s. 
106  

2 n xl05x . 001 

=_1590 ohms 

Tor, 1 f =Te put C = .002 xi F. the above two impedances chane 
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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, we see that the impedance 

offered to power frequency is .032 megaohms and 16 ohms respectively, 

Keeping in view the advantage of higher Capacitance C, and the low 

phase voltage of 230V available for the experimentation, a curr?nt 

of 8m Y can flow to ground at power frequency, hich is quite 

negligible. Hence C has been chosen as 0.1 /.iF for the experiment. 

3.2 . DRAI ^TAGL COIL: 

To keep down the losses in the inductor, air cored type 

hs been .,round. Since, the current through the reactor will be 

of the order of a few milliamperes only, 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, 

Trill be 100 mH. 

We have, 

L  _  0.03948 a2n2K  pH  
b 

where, a s the radius of the sole -ioid in Cms . 

n the no . of turns. 

K a factor depe-zding upon diameter/length. 

and 	b the solenoid wound, length in ems. 

Using the available former, 

coil dia. = 7/4" 	. • . a = 2.22. cans . 

Length b = 39/8" = 12.38 ems. 

'iia./length = 0.359. 

•rhich gives value of K as 0.867 from tables14  

100x103  =  .03_&48 x(2.22) 2n2x0.867 12.38 

or n2  = 735 x 10 

.'. 	n 	= 2720 turns. 
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The tested value of inductance given by the inductor =104TH. 

Two such coils have been ~7ou;d, and each used at one end of the 

line. 

3.3. 	TRAP: 

As mentioned already line trppwill be a parallel combination 

off' an inductor and capacitor, the design of -hick follows: 

3.3.1. 'ieactor: 

The value of inductance h• s been arbitrar_ly chosen as 2 

milli-henries, and the value of capacitance needed -Till be 

considered on its bases. 

A, Area of cross-section of the core = 3" x 3" 

1, length of the winding 	= 6" 

conductor size 	... 	 = 16 S'JG 

Tow, L = 1.26 	x N x 10 mH 

1-here A and 1 are in centimeter scale, and N is the number 

of turns to be =round for the reactor. 

Since, the reactor will be an air cored one, i,re c? n. F ate/u1. 

1.26 x9x 2.54 2 xN2xlO-o 
• 2 = 	6x2.54 

:. I = 41000 

= 202 

3.3.2. Capacitor: 

''car ^ rallel resonance, the capacitance 01t of th- )aral1 el 

can7citor is 

cit 

-iven by- 
_ 1 

4 
5 

f ben the carrier freouency of 10 c/s. 

' 	- 	1 	.t' (is . _ .00125 .F. ' 	C it 	4 T 2x 1010x2 xl0 ° 
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This value of Cacacitance has been fulfilled by two 

Rv .lab le standard cap'=citors C1 and C2 in parallel, such that, 

C1 = .001 /iF and ;'2 	250 pF. 

3.4 . LI .'T 1 TU LTH 

Since the line tuner must neutralize the impedance of the 

coupling cap^citor at carrier frequency, -,•re have- 

WC - Z..- 
T 

-here LT is the inductance of the line-tuner. 

C = 0.1 ,nF = 10-7 Farads. 

1 
• LT= (2 x10J)2x10-7 

= 0.254 mH. 

To calculate the number of turns needed for this puroose, 

t.re h- ve , 

TIT = 1.26 Uzi x r' x10-5 mIU 

t2- 1LT x105 
or ~S  1.26 1uA 

(.025)10 
- 	1.26 x 2.54 

= 780. 

..:i = 27 turns. 

(taking 	4 sq..inch & 1=4 :riches) 

Ho-7ever, to care this inductor variable four tapDin ;s at 

int -,rYuuc late values have been taken out, so th-).t it riatches the 

co,.1 lin"° ca-en.citor ner: ectly. A ?6 S'11G rire hs been used to 

i ind the inductor. 
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3.5. 	0A^ `'Ij S 	TIAL TI ZCIJIT., 

3.5.1. Delta Connected Current `"ransfornv r; 

Based on actual cree4:.tion of fault and the calculated 

values o fault currents, the following currEnt magnitudes er-e 

obtained for different faults. 

Phase to around fault 	0$• 
	 15 Amos. 

Phase to chase fault 	... 	25 Anes. 

'7oubl? line to -round fault... 	27 Amps. 

^'hr2e-ohase fault 	... 	30 Amps. 

Based on these values, now, a current transformation rato 

of 1:5 hn.s been chosen. Lot the secondary burden for each of 

these C .Ts . be taken as 4 ohms maximum. 

Voltage -).cross the secondary for maximum current- 

= 6 x 4 = 24 volts. 

For furtl r safety, let this voltage be taken as 30volts. 

Then from the e.m.f. equaticn- 

V = 4.44 B.A.;J.f.7.0-3  Volts 

7,There , 
N is the numb^r of secondary turns. 

the flux density in lines/sq.ic.ch. 

A the area of cross-section of core in sq.inches. 

f th.? 'rsquency in cycles Per second. 

Ta'dnr B = 45,000 lines/sq.inch 

A = 1 sr .inch 

f = 50 c/s . 

_ 30x108  
T  4.44 x45000x1x50 = 300. 
• 00 . 'u .ber of orimary turns, N = 

= 60. 

Since ' he fault current is max"Ooct(eC to flo only or a 
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short time, a 143'.JG coeer •Tire has been used to rir1c the 

orim^ry r ndia of the ^ .T. ^nd 19 SWG rire has been used to 

in the s^cor1 ary. The selection of 1:50.'. ratio here, satis-

fies the design limits of transactors so t,hr-t those need not be 

'esirned for transfer i."rnedance off' more th .n ^ ohms or so, T•rhich 

1*oulc other;rise incre^se the size of the Gr 1nsactor. 

Maximum current floing in each 

phase of )elta coa - ..octed ".r'.secoz 	y = 6 a-r s. 

. ' . : a, _imir i, value of the curr nts 

ip , iq or it 	... 	 = 6 

= 10.4 a~n.es . 

In. the seaueential circuit, resistance `fin has boon chose. 

as 4 ohms (m:inum 	ns this Trill di~'ectly from the burden _tor 

as shovn in ?i-.(2.5). 

. . Rn = 4 obis 

7n/G0o = 4 ( +j : /2 ) o hrls . 

= a± j3.46 ohms 

roT,r, to obtE-in a reactance of :3.46 o ms, an iro core 

roac'-or ?,rith ac' just')1e air-rap and 300 turns of 2031G su-)er-

enammelled co-oner =ire has been con st;ructeC'. 

3.5.2. Transactors  

Transactor fives an ourtp'1 t voltage (Vs) )ro-)ortio -ial to 

inn'u_t cu ,̂ rent (I.e ) o--' vice-versa. The ratio of voltage V to the 

current Ir is termed !s trans ''r or Ie -olic4,.-Inined- nce Z sw:y. 

le h'erin- to 'ig . (3.l) the transactor socon' _°ry h: 	bees. 

shorn resistance 1oeC. 	to '° the diagram e can " it^ the 
follo'•in- equ- tions. 
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Vs 

ZR = 	p 	... 	(1) 

Vs = Ts Rs 	.... 	(2) 

iwM IS = 	Rs+j Z W Ls 	... (3) 

where N is the mutual inductance between pri.inary and 

secondary wiedins. 

vs 	jwM. Rs 
Ip - 	jRs + @3L)2. 

wives . A - Res 
= 	... (4) 

./R + (W Ls) 2 

ow, in equation (4) if w Ls <fc Rs , ire can neglect 	Ls and 

resTrite eqution (4) as- 

ZR = W TSI /1/ r Ps 	 ... (5) 

Assuming unity coupling ratio betwoen th3 two T.ri id i Z °s, T,re 

can write for :nutual J.nductazce Ii as:- 

U= 1.26  1' I2 , 	A - .1.0 - 3 h p r i e s 	... (6) 

. here, 
= no.of turns of the primary 

~T2 = no. of turns on the secon' a.ry 

A = the area of crossesects.on of the core in cm2 

and IL = length o`' core in Cms. 

reelecting the Dh se-angle in equation (5) re haves- 
Z 

~I= 	- 314 	... 	.. (7) 

rots, voltage TTS , as applicable to the sr  tin circ'ii t described, 

f n C':,3pter 4 must bs of abo'it 20 volt mecreitude. 	:ext  i 
sole';Ctio -i o''° Z will dead on x h1 ' agnitui':e of iosi'~1.ve S3qu-Dnce 
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cu -rant and so T o :T.)y -•rite;_ 

Z~ = —a— , where I1 is the 'ositive sequence current. 
1 

Tow, "?e'!ctance of 1:1 	= j 0.3 ohms. 
(rcfer.re !.. to second2ry) 

P _ a1?_el ecuiv.: lent of 'In and this r'~actance - 

_ 4x_0.3 
4 + jO.3 

= .02 +O.3 ohms 

f 	_4 	2 +j3.47 rot,T I1 _ Ip . 6+ j3.47 + Ir ' 2 + j3.77 

Taking Ip as reference, Ir = Ip /120° and considering 

the i-.--imum value of the current:-  
 

I1 = 10.4 (0.05 +,0.5) 

or [I1 = 5.2 aies.. 	... 	... (3) 

If current Ir is absent, as say in A-C. fault, then the fault 

current iz the line t.Till drop to 15 amos.:- 

arid I' = 3 ( 2 + j3.47 ) 

	

1 	2 + j3.77 

or [Il)= 2.8 amps. 	... 	 ... (9) 

Based on the above values of I ire obtain ZR equal to 3.8 and 

7.0 ohms res-.Dectively. Ho;wrev^r, since the starting circuit 

nicks up even at a voltage of less than 10 volts, let ZR be 

chosen as 5.0 ohms rrich trill be Well within the margin for Sven 

th- l c s t " - ult-curre'it . 

''ori ^- i,_~,.tio 1 (7) therefore, 

 

f  5 0 
314 

ant. from eStu.. tion (6), 
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xlx104 
I2  	1.26xii1x/uxA. 

r'a'king a n.ap length of 3 ii es . aa-7 -: rea of C-^oss-section of 

The core as I sq.inch. 

5x108 x0.3 
12 - 314 xl11xl x6.45 

60x103 	... 	... C10} 
•~1 

From equ- tion (10),  

for N 	= 40 turns, N2 = 1500 turns 

for N1 = 50 turns, N2 = 1200 turns 

and for N1 = 60 turns, N2 = 1000 turns 

Surer-enamelled co-n-oer ire of 18 SWG has b~eri used to 	nd 

the primary and since a negligible current floss in the secone ry, 

it has been foun,1 -Azith 30 SWG wire. Depending; on the Tire-size 

and indoi:r space available N1 has been taken as 50 and hence '12 

as 1200. Ho~Tever, erovision has been made to increase the air-gap 

unto 1.5 cis, the v7lue of 2, decreasing for increase in the 

air-f ap. :oreover si-c intermediate tappings have been taken out 

ori the secondary, so th .t : ppropria.te value of ZR is obtained. 

The above data has been described "or the design of tr—Isactor 

and the same holds ood for T4. 

3.5.3. CTS'?'S and_T6; 

As siow%Tn in Fig. (2.5) we need 1:1 Cs. in the sequence 

r-twor'c to transfer current i to positive and negative sequence 
ti 

ne' ror':s. Since a maximum burden Ti11 of 4 ohms is connected 

^.cross th:n secon' .ry, it has been deli red on the same basis. 

i.a~imum value off' ip = 10.4 amps. 

.'. Vol' hce across secondary =e 40 volts. 



(37) 

Agai.i, taking Area A = 1" x 5/4" and B = 45,000 lines/sq.inch 

40 = 4.44 x 45,000 x 5 x 50 x 10 -3 ;\1 

. q 	160x108 
• 4.44 x 45,000 x 250 

= 320. 

"nce, both primary and secondary has been wound with 320 

number r o ° turns and a 18 SWG super enamelled copeer —ire has been 

used 	or T•ri nd i rig . 

3.5.4. CTs, T2 T3' 

' .efering to ig . (2.5) again, we find thot the output 

voltage Vo depends on the way I1 and I2 are combined and also on 

the values of resistances r and. -R. This is also observed from 

equ^.ti~ns (iii) and (iv) derived in A-) )endix. 

Tow, since the volta-,e Vo is to be fed to the squrin; 

circuit, -rhi c h also limits this voltage, its magnitude may be 

any 'There between say 10 volts and 30 volts. After 1oo'cin into 

the various magnitudes and phase shifts in the currents T1 and 12 

("or i 'forent types of Parzlts) , a T ratio of 5:1 and a value 8 to 

12 ohms for resistance 'i has been chosen, Yrherees resistan''e r h.•s 

been T-lade variable so that DroDer output is obtained. with ti-ie' 

varia',ion in h. 

(a) Considering first the transformer T2, it is evident that 

it burden will depend upon the parallel combination of r and a/2, 

since at 'h mid ooirit of the secondary of transforler T3, the two 

e ui-i_ia 	zcc n~ths of 	ohms each are met by the portion of t 

flo,ri-i= to transformer T3 . I:f r is ;lade infinite, burden on "'2 -rill 

simply be I/2 ohms and as r is deceased, this burden 'rill 7o on 

decr sirr. 	eoin-- this in vio•,r a :naxiiiiui burden of 6 ohms may he 



(23) 

consi~'eied for thq design. 

~i 'xinum vol' a sin across secondary = 6 volts. 

Again from equation for e.m.f. already used, taking A = 1 sq.inch 

e ca:1 Trite, 
Q 

6 = 4.44 x 45,000 x 1 x 50 x 10 "x N, 

6x108___  
4.44 x45. ?.000x 50 

= 70 turns 

?en 	' ce, no.o turns needed a.n the nri.Isary = 70 5 

= 14 turns 

Super enamelled con )er --ire of 12 and 26 SIG has been used 

to Ti -id the primary and secondary respectively. 

(b) ;ext, let us co-isider the design of O. ?.P. It is clear 

fro°i Fir.(2.5) th^.t the burden for the seco_Z,ary of this .;. 

=•-ill be 23 ohms i.e.  say 24 ohms. 

. ' . Haximum voltac arrorvs secondary = 24 Volts. 

Allain taking A = 1 sq.inch, T. re can rrit - 
0 

4.41- x 45,000 x 50 

= 230 turns 

`,ncs -.us°lber of turns on the priaa. y = 230/5 

= 56 turns 

3ur enamelled coy )er ire of 13 ani?. 26 3'-TG has beoa use;! 

~:.o - rj. -i' ''he rii ry and the centre tap ped secop_, ..ry respectively. 

It 'i °y he nof.nted out that such a type of centre-taped 

cu:'rent tralSformer ?.nd bridge conaaection hrs been - iosen 

seeci" 1 - y, ii orr'.or h .t the ff -' edhe?.C': bet?,T ,£ n positive and 

'1s`"`. ive Se,i.ue1C'' olitouts be =?.voided. 
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3.5.5. gill 'r 	'c'lit: 

I i n nor Lance o 	ilte c i 1m the combined positive and 

z^ Live s lence out?ut has been described in exnpendix ts.:3. Lot 

an iriuctnce of 1 headry be coiiectec3 as shown in T'ir.A.al. 

`"hs v' in-, of capacitance CF th:,t -1.11 be needed to nntch 

th_J. a inductance -it no~Ter frequency is °iven by:- 

C = ._ __—. 1 _ 	Farads. C 
	(211 f) 2 x L 

1 Farads. 
(2 T( x 50)`x1 

= 	H, 

Considering the available former 	ction of 1 sq .int. c.ro'a,s- 

sect- on, as ,umi : -n air-c'ap of 0.1 cm. and neglecting the ampere 

turns for iron path, the no. of turns IZ needed to -rind the above 

inductor is -iven by- 

N2- 	L. 1. 108 
1.26 /t1A 

1 x 0.1 x108 
-  1.26 i .54)2 

= 1000p00. 

Since the current drawn by the inductor will be very small, 

a 30 TIG wire has been used to wind it. A ?00 ohms shunting 

resistor has been used, so that the time constant of the parasitic 

osci, lati.on is S milli-seconds, i.e. loss than a aif cycle. 3 more 

tai izgs bryve been ta'_Len to suit the ca:p - cit•ance )e-ftietly. 
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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 increasing 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 without 

introducing 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 0071, 0076, 2SB75, 2SB77, 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 circuit picks up in 

response either to the amplitude of negative sequence component of 

1d 5172 
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the Fault current for an unbalanced fault, or both the amplitude 

..ri , r~.tc of rise of. the positive sequence cor.2~onont for a. balanced 

fault. The comelete starting circuit a_ ,an e:;ent has been shorn in 

Fig. (4.1.) , hee each of tale neg: tive and positive sequence co ..no-

ae its, as oroduaced by the sequence network of Fig. (2.5) is rectified 

by a fui1-'Tr.vo rectifier brid-e. The rectified d.c. outruts corres- 
Po ,lCi 1r to the negative Seq'uence, com'eonent are ta'-en, at high nod lo', r 

lovols o fl vol, ace, fron the )otent_Lommeters marked 1 and L, -'rhichl 

co.itels sett .i a- s, and fed directly to the l_o,.r and high set starting  

circui'.s, lr,soactivcly, througii~isolatin=- diodes. The rectified d.c. 

oub u' co 	ending to the ositive secue.nce component are fed to 

else c rc ' ';s, each co si~t~ " of a capacitor C and a d sc:.ntrgint 
diode shuati rI - this ca'e ci for to +VB sunnly. 	y 	o. 	Io , e ; ~a auk' 'I c~~:; I 	_z 
tai- eos_i.t ve Sequence iri ut simnal is insta.T+e 1OOO,1Sly 'or'Urod at ',he 
out ut and subse'+uent decay o is oui,)ut takes place as the 

caeaoitor Cx .i :,. The diodes .sh-antinL? the caosscitors to the +V„ 3 
s'iprly us   '"'hem to discharge rap;:dly after fault clearance, hereby 
'flaki eq milse circuits • 

ready to cerform their functions im:ledi-~_tely 

in any si:bseeuent oeaer..ti oa. The out-euts of the impulse circuits 
are Led to th- lo and ;i : set s tartia: circuits thro"r'n isol•=.ty. ig 

diodes i z -Lie sane manner as those corresponding to the negative 
sequence comoorionts. 

The lOT ^.hd hi h set starting circuit areangaaents are identical, 
apart from boils fed from the low and high voltage taneinns , 

resnectiveiy on the potentiometer settings. 	ach circuit consists of 
a level do tooter 	a ch has been sIl-)-n as a coni .ori 	ccai ttor tri. •er 
circuit, i`1cor ,)or,.'ti n ' - tra`e.sl.stors VTC and VT 2 ~~? 	. (4.1) a follo-T.,c' 	by 
an out )ut stage incorporatin- transistors 7T'I3 and VT4 . 	 ac.: level 
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detector aac? o'it - ut st: ge uses two transistors, i.e. a total of 

ti ght tr 	stors, together •rith four isolating diodes, two 

d sch r~ e -'i odes end night diodes -thich for; i the t.ro recti i er 

'ori -cs. It ta,, be rlentio_iecl here that lith the available I38 

diodes, the rectification vas not -perfect and these ve _°c finally 

renlace' by a 24 volt, sele?1iurn rectifier. The -)ick UD and drop 

out voltages of the level detector have been adjusted at 'almost 

same value by inserting oroper values of resistances in the 

e nit'ti»s of transistors VT1 and VT2. 

1.'J hen no starting; signal co ees at the base of transistor 

during healthy condition, it does not conduct and voltage at its 

collector attains nearly -15 volts value, and this is ,turf triggers 

trenisistor VT2 -which conducts and hence the voyage d..t its collector 

attar ns nearly +V3 voltage. This again, is turn, triggers transistor 

VT3 ;ahich gives a zero volt out)ut at B and since VT4 re'nains non-

conducting, a voltage of -15 volts appears at its collector and 

therefore at output .. :Tour, during faulty condition, a negative 

voltage signal comes at the base of VT1 '.Thich makes VTl to conduct 

and hence V1 '-'2 stops conduction. This ua'res the output at A to 

chane from -15 to 0 volts and output 3 from 0 to -15 volts. ainilar 

operation takes place in High set as well as by set control. A 

voltage of 6 volts appears acro,s the zener diode during the receipt 

of pick-up signal. The use of this sudden change over of the voltage 

at control A acid 3 and the separation of high set and low set control 

gill be made clear at the following stares. 

4.2. 3 TTA ,I".'? CI°.nTTIT: 

It is anite evi.:'ent, that two isolated squ'.re wave pulses of 

unity mark/soacc ratio must be derived; one for modulation and the 

other as an ln"?iit to Phase comearator. To bloc': the ')r eseace of  
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any 0.c. in t',e output (hI2 + 	II1) of the sequence 	iewor'k, it 

'ms b--nn shorn in Ap'endix A.3, that the elimination of transient 

time de~..av can reduce the over.-ll o. erati .,- tine. This has been 

achieved by r1 ahs of a filter circuit described in ApDendix A.3 

which has been connected between the sequence net &or'h and the 

squaring circuit. 

A siav1L transistor stage was initially used to obtain the 

square 'save ou'-nut, but it was observed that the T•Ti d th of the out~eut 

'gave chanes wit:: the change in the input sine wave magnitude. 

-,once a more stable type of scuaring circuit which uses a bis table 

out'ennt stave, Trhi.ch has been shorn in Fig. (4.?), has been used. 

The squaring circuit used has been c1 escri._bed in the next 	r 

linos. The combined sery>>.ence output voltage is transformed to 

obtni -i t'.ro sine 'raves of oeeosite -)olarity by ceetre- grounding o' 

the secondary of transformer r'% These two sine ' ves ^re fed to the  

bases of th pulse circuits, the pulse circuits being corieosed of two 

transistor stages coupled through a capacitor. The outeut of the 

pulse circuits is fed to the 3z .stable-circuit at bases b1 and b2 

which gives a perfect square Wave of 1.:1 ratio at collectors Cl and 

C2. It may be mentioned thet the square Waves at Gil and 02 are 1300 

out o.f phase 1-Tith each other. One of the waves can be used as local 

square wave and the other used for carrier Modulation. By feeding 

the local square wave from collector Clor C2, to the phase comparator, 

it was observed that because of loading effect, the square wave chee.nges 

its form, hence, it wrt.s decided to use an emitter follot?er circuit 

for obtaining the local square wave signal as shorn in ir. (n .) 

at the output stage>, .end the mod'alatinr, signal has been derived from 

the collector 01.By the erov sion of trees r or.zer ' and the two -)ulse 
circuits, the '>j_dth of the square 'rave has been redulced to ensure 
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ouick ooerat;.on. 

4.3. CA T T ~. ̀  	~A : SI 	' ! RC-~' I T : 

The carrier coetrol and modulation consists of the oscillator 

and the control arrangements for both modulated and continuous 

carrier. Control is obtained through the use of transistors with 

a co i ion e -1 t er circ'iit as shorn in r'ig. (2-.3) . A crystal oscillator 

o'' 100 ':c/c , caliberated at 35°C, h:-.s been used bo tToen the collector 

of 11. 2 nd bass of VT3 as sh-e)-rn in the figure. '.Then transistor 

VT1 does not conduct, tr- nsistors Vit and VT3 behave as the 

osci llr tor, oscil Latin_, at a frequency of 100 K /s. The starting 

signal is normally negative, but •Then the starting circuit -)ic'cs 

up, a zero voltage comes at the base of VT1 thus o,Norat i Zg the 

oscillator circuit. The modulatk.d carrier output is finally aneli-

fied and tuned '7y slidin the cors of out )ut transfor ner I.F.T. 

Final adjustment of tuning is ria."e after trans.ni tting the carrier 

signals on the t.raas:eission line by sliding the core and by the 

variation of c~.7acitances :l and C2. 

It may be cointed out that the I. '.' . that has been used at 
the out-cut, is of the type used in a. io circuits, hich has a 

separate core for nrimary and secondary. In the osci .l~.tor circ'ait 

in question, if a si?iggle cored I.F.T. could. be available, te out_ Ira.t 
ould have been further increased. "'hs transistor VT1 is of 

2S375 typo and V''2 and V 3 are the hic'h frequency 2SA12 type. r,",to 

collector voltage Vcc of -15 volts has been used from the co—on 

';. ;. sue'ly so'' -°co. 

n, -? 111 T,, 	,. 	~,,..,.. .4. 	, 

A Tull 'ave -oct4f cc.t'o.n h s been used to d?e.mod'il-.te the 

received _ 	s1 nom.__ ':.S 5hori :n - - 	(d.1) . 	it n t .._~ 	s 

s. 33 diodes "_.' C..' ~'V j^C i con iected in a bria`e circuit as sho'.r.  . 
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(45) 

Becau~e o the : 'pct of 1 i 	t':e u .t on, it is observed,  tai t the 

1 e 	the 	, 	 ° ? 	 receiver is quite less than a. 1`7.' i tudo of x1„ 1oC 1.11.E ped c rier s ;, 

the araDlitlide of th eodulated ca-ricr at the trans,ii er e-.d, and 

hence the rectified square wave is also quite less in eaitude 
than the local square -ave !-Lth •Th .cr it is to be coneared is the 

-)base eomears tor. The magaitude of tho d-emoc~ul: ted, sq,v..re `rave is 
hence mace -d fied by the eipl i Fier circuit shorn in ig . (4 .:) , but it 

ley be "1e 1tinne 1 hero th .t it elves a phase reversal of the orig'''inal 

square wave. 	eac'v ;:'3 nodulated carrier Of coC':'ect -)pl..rity is to 

be chosen at the tra ,is :fitter e id . The rain of tie amplifier is 

increased by increasiLa ' th collector resistance or by shu it in- the 
emitter resistance by a s1ii t ..'blo cae citor. 

Finally the r'.e o hila ed and a'.?lifiod (if found 1^c3ss. ry) 
square wave is f ec' as one of th 	inputs 2 and 3 to the -i' :.s s 
co e arator as sho---i n :'i-. (4.5) , to he co- riareO to phase rith the 

,local square grave as described in th- neat section. 

4.5. P 	TOI_.AJ 'O2 'I CTrI"_': 

As hes been already said, the phase comparator com -wires ! ne 
locally obtained square wave with the one received fro' i the ogler 
Z, ed of the 1' rle a~'ter demodulation and decides whether trip inc) 	of 
the deceit bC eaheCs should take rlace or not de )e -idin- on Tlleth2r 

tiie '• zlt is i_ i';cre .l or external. Of course, th- starting siial 

:lo ' ;ci~-e4 t the tine of comparison. If the fault is -;xt-_ al, 
o -ie a square waves are 1300 out of , 	d enc , .~ 	O c~.JOVC `,': .t~ 	' 	~y ^rC ~. 	 ~. ~,,, c'3.:1.._ ~~ _~C., 

. 	 t cone 	<'.to 	Ves no o'7 e >t 	~.. i yae ' 7 	i 	its y 	+ _• 

are 	 io. in a' ~. 	''i t1 each oh 	a:Y4: ,.',eec~' ? n: 1'on 

.. r.. :.rile 	^O", :^~ Cace, 7'1 ', 	:'U O'^ La: :O'' at he O'7_teut 

) 5'.r 	the n:."^. t cc 	:C v: : ~  	is 	the ~he pease cc•: ,-_.-': vor 
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circ'»_t. It ca z fists of a coi ici,'e_ace stage controlled hv the s" art- 

1 	'ol)_o'r'.ed by an atera. t! n- circ' it aid a level detector/ 

otttou'- ';ac. Three -;n ~'ts are fed to 'rt^ h : ae of the f_ n"nut transist-

or. In n't 1 i., From the a17a set control of the starti. circuit 

and is io-Mally negative, thus wain jai ni n the transistor 'on' 

irresnect .ve of the in)uts 2 and 3. 'r en the startin" circ'lit Iic'is 

up 	null"L" 1 assn l s zero 70 onti l ? thereby Allo-aia conrearison in 

ehace of the si^ rials 2 and 3 • 'rheul either of these waves is of 

iagative notential, the tra.isistor at the inut krill still co uc t. 

And., ,.Then both are oositv'': or zero, ' th! the s tartinr' inei, zero, 

the transistor .'ill be cut off • This rives ie a QVC )ulees v the 

oitteut and the d'tr'.:tion of the pulse de"?e "ids u' on the an-le of 

coincidence of 2 and 3. A straightforuard 'IC integratinf; circuit h2.3 

bean used bet-reen the coincidence and the level detector s va e. 

In the exaeri Iental circuit under " escrintJ.on, the chase shit 

in ;roiced ihto the carrier signal, due to long line lengths or eh',_nt 

ca?.-cits.nce, has been neglected. In an actual circuit tho phase anile 
+T sett 4- i,; 'oi' the chase comparator is Tilade ap -)roxi:nlately 30? 110 never, 

the oee 'ation of the phase con-o rator `T4_ t^ anti "'icial line cad)•.ci;,ance 
,:.. 

 

also noiia'd to be satisfactory. 

/I.6 ♦ JLL111 . JI C,TTI`£ . 

basic arraa' -, eent of the slave circuit has b ea .o,•,-i in 

(A.•3)  	szritchiz - tran'i^tor VTI 'caimains the slave circuit in 

for - ly u -le nler,-i?o;' condition, since the s tarti t si. na.1 ^ec ;iv sd at 

1 ;s 5ee Is or .L.a^ l V zero. i), rc ..'?s e of the 7'.r~ty of a fault 	eci the 

• h 	 1:""'Ol 0' t he s t a~'tj 1 c -i rc i t 	ehs uc, It br :1`;S a e ailv? 

hse On transi ; o' TJ''1 X11. 	Il.̂, . it co'1d.'_'1ctS, :us to o 

._ ns in a ' 	ady' ca idi ,-;.oa. 	It a:Yo ''olJ.o-Ts : li t the 

tint, ,. ,fill teh 	)lace a'1to'? :tz .11y "ter the ..."lt cic .rance, 
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silcD. 'a'_1' 'oral sir 1l (?'3r J volt'.',.,g.',) from th t rt~_.n Circuit, 

j .o. 'ea the syste:a is 'lealthy s~ritc es of the transi'tor 

ho asymmetrical bistaals ircuit operating the final slave 

reia r co :silts of transistors VT2 and VT3. r'h^se are arranged so 

thct, - Tit', the circuit first energised, transistor VT3 conducts 

an V22 is cut off. But, —Iie n a negative tripling pulse is obtain- 

c' ro the hs.se cornarator circuit and ap ?lied to VT2, it 

c oc.1'.c is and VT3 cuts oft'. This hakes the slave relay to o)e:'ate. 

3i ice the operation of slave relay ogees the aormally closed 

contacts of the circuit breaker --tagnet coil, the breaker trio. 

The 3.6K ohms resistance in the collector of VT3 has b-on. 

matched T.rith the relay coil resistance -.,' i.ch is also 3.6K o'ius. 

The input capacitor C1 ensures circuit stability aryai_nst parasitic 

pulses . during fault conditions . Transistors V''2 and VT3 are 

of 2N363 type and VT1 is of 0071 type. The collector voltage Vcc 
has b en increased to 21 volts, since the slave relay at one end 

of the line could not pick up for Vcc = 15 volts. 

Starting :signal for tho Slave circuit has been derived 

fron hip h set control,such that,.no ocerati_on due to nor:rial load 

cu.~ront is ensured. The same reasoning apilios to the phase 

comparator circuit. 



C H A P T E R - 5 

TESTING AND PERFORMANCE 
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5.0. TESTING AND PERFORMANCE: 

The procedure adopted while testing the whole equipment 

along with the explanation of its performance with the help of 

oscillographs has been described in this Chapter. 

5.1. TESTING: 

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 complete 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 press-button.. Fault switch was closed 

at the 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. 

Fig.(5.1.1.) shows a section at the one end of the test panel, 

wherein, C.Ts. of the sequential circuit are shown at the left 



Fig. (5.11.) Components of the sequential circuit 
and the starting circuit9  at one end 
of the line. 

Fig .(5.1.2.) Components of terminal equipment including 
the slave relay and circuit 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 fault 

simulating contactor and the presence of a fault was indicated 

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 (5.2.1.) to (5.2.?.) 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.(5.2.1.) where comparison of the high set 

starting circuit 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 C2  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 .l.) (a) Fault current wave, 
(b) Pick-up of the starting circuit. 

11 

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. 



Fig.(5.206.) Output 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, without considering 

the capacitance of the line. Fig.(5.2.5) shows the local square 

wave and the received square wave obtained after demodulation and 

amplification of the received carrier signal. However, a slight 

phase shift 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 received 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 up to 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 fauliB 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 1800  out of phase with 

each other. 



(8.3.14 Out Of phase modnIatod oariv sisie at one *na of the line for external t*lte. (a) Tranmittt1 earrIert  
(b) eceived carrier. 

ig.(5.3,3,) Output of tho 1hae coqaz'etor for 
external. 
(a) iult current wave, 
(b) **"at or the phase oospar*tor. 

Lg.(5.320) inputs to tho phase coparater to, 
.xt.rn*3 Ireuxt. 
(a) Laca3. *usr. wave, 
C),) R.oivd sQuare wave.. 
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Fig.(5.3.2.) shows the local and received square waves 

which are also 1800  out of phase with each other. These,when 

fed to the phase comparator circuit, 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. 



C HAPT ER - 6 

CONC L US IO NS 
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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 

suited 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 

width 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. Further, 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 importance 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 Rn  and rn  (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 Xn and also due to the resistance of the 

reactor winding. Initially, use of iron cored reactors was made 

in the sequential circuit, 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 sequence 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. voltage inputs 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 

carrier signal was observed at the receiving 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 10OKc/s, 

at the receiving end as shown in Fig.(4.4). Demodulation of 

the received carrier was found to be well accomplished by 

using OA 160 diodes, instead of 1N38 diodes. Even the half 

wave rectification gave a perfect square wave output, with the 

help of OA160 diodes. Only a slight noise signal was observed 

at the top of the square wave obtained after demodulation, 

which was finally filtered by a higher output capacitance. 

Amplification of the demodulated square wave was suitably 

performed by switching transistor OC76. 

The provision of rated d.c. supply voltage and proper 

biasing of the base and emitter terminals, are the main factors 

to obtain the desired outputs from the transistor 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 the/.nitial 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 reliability 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 voltage long 

transmission lines. 



AP P E N D I C E S 
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A-1. SELECTION OF PHASE REPRESENTING QUANTITY: 

L]..1. 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 single phase quantity which 

is used to modulate the carrier must faithfully represent, for 

any combination 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 under: 

Single phase to ground 

Two phase to ground 

Phase to phase 

Three phase fault 

Three phase to ground 

I1'  I2 	10 

... 	I1, I2, Io  

... 	I1, I20 

... 	Il  

ill I2'  Io' 

Now, since positive sequence current T1  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 circuit. However, through current component may 

adversely effect the positive sequence current and hence reduce 

the sensititity. 
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Undoubtedly, negative phase sequence current I2~ is present 

during all types of faults except the three phase fault. Hence 

it is quite logical to consider it as the phase representing 

quantity. It's two main advantages are:- 

(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. 

(8) 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 sensitivity 

during ground faults. 

Since I2 can provide a desired sensitivity during all types 

of faults except the three phase fault, in which case we can rely 

upon the output of the positive sequence current Ili a combinat-

ion of I2 and I1 seems to be the best selection for the phase 

representing quantity. Since I2 is present whenever Io is present, 

lIo may be replaced by 12 without affecting the sensitivity. 

However, the final selection of the combination of sequence 

currents may be based on the following analysis. 

A.1.2. Mathematical Analysis: 

The output quantity for representing the fault current in 

phase can effectively be a combination of the following sequence 

currents. 

(1) Output oa MI2 + NI1 
(2) Output o< AI2 + BI© + CI 1 
(3) Output a BIo + NI1. 
Let the output current be represented by Is and Fault 

current per phase by IF. 
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(1) Output MI2  + NI1t- 

Let the three line conductors represent phases A, B and C. 

(i) Phase A to ground Faults 

Taking phase a of the three phase current Ia' Ib 	Ie 

as reference: 

Ia = I1 +I2 +Io  

IF 
3B  +x 

1 + x2 o 
where, 

resistance being neglected, X1  = positive sequence reactance 

of the system network, X2  = Negative sequence reactance 

of the system network and Xo  = Zero sequence reactance 

of the system network. 

Is = MIZ + NI1 - (M+N) 12 = X M+N' )E+X 1 +X0 

I  s I =  M
+N 	 (1) 

I IFI 	
— p 	... 	... 

(ii) Phase B to Ground Faults 

I1  = 3 .a.Ib, I2  = 3 .a2.Ib  and Io  = 
E 

Ii --  X0 +x1 +x2  

IF  Ib  Io  + a2I1  + aI2. 
3E (_Ji2+  jf)  

x1  + X2 +Xo  

E being the positive sequence voltage. of,the equivalent 

circuit. 

1= x1  + 
s 	

x2 +x0  (-i) (Ma  +N) 
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I51 	M2 +N~ -MN . E 
Xo +Xl +%2 

  

. l 	, 	.O M N2-MN . 	
F( 

_ - 	3 

 

.. . (2)  

(iii), Phases BC to ground fault: 

E (X2+Xo) 
Here Ia = 0,  Il W x1x2+X2Xo+XoXl 

Xo 	X2 12 = -I1 X0+X2 and 10 = -Ii X0 X2 

Now, IS = MI2 + NI1. 

E 	--- . X MX +N ( +X ) l . 
1XXo+XoX1  o X2 0 

. 	E [ (M-N) Xo NX2 . . l is l = X1X2+X2 o+ XoX1 

IF = XlX2 +X2X0  + x { -1.5X2 - j (f Xo+ VI/2 X2) } XO 
Taking X1 = X2, 

`` - (M-E) Xo'-NXI 
( IF[ 	.13'~ (Xi+Xo+X0X1)+ 

(M-N) Xo/Xl-N 
' [1+X0/X1+(X0/X1)2 

(3)  

(iv) Phases AB to ground Faults 

Here Ic = 0 

I 1 =  (I2 + Io) 

E(X2 + Xo) XX2+X2XO+X1X0 

I -  a2 EXo 
2 	X1X2X + X+XX 2 0 10 
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and I = -  
a.E.XX 

0  X1X2+X1Xo+X2Xo 

Now, Is= MI2 + NI1 

- R1x2 E+X1 X0 + 0 Xo (N+ `) +N2+ J • 2 MX) 

I 
•• I - X1X2+X1Xo+X2Xo  N2("~?+XZ)+M2X2+MN(X +R0 Z2)+2N2 of + •    

The magnitude of IF will remain same-as in the above case. 

I I t 	{ N2 (4+Xo) +M2Xa+MN (R2o+X0X2) +2 N3X X0 
I IF I - 	(X +X +XoX2) 

Taking X2 = X1 and simplifying. 
X 

Is~ _ N2 C 1+ (Xo/Rl) 2 I +M2 (Xo/X) 2+MN (Xo/X1) 2+Ro/X1a+2N2 () ' 
I 
FI  /3 [].+x0/xi + (Xo/X1)21 

J 
...  (4) 

Similarly, we can derive for 2 phase and 3 phase faults as well. 

~) Output AI2 + BI0 + CI1s 

(i)  Phase A. to ground Faults 

I1 = I = 23 

_ _ 3E 
IF - I a 	Xl+X`L+Xo 
Is =AI2 +BIo +CI1 

= I1(A+B+C). 

Is 6 + 
I•.• F 

(ii) Phase B or C to ground Fault: 

I1 = 1/3 alb, 12 = all, Io = Il/a 
3E 

IF = X1 + +x 	as above. 
0 
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I  _ 	A.aE  + 	BE 	+ 	CE  
s 	Xo  +X1+X2 	a xo+X1+X2) Xo+X1+X2 

- 	E   _ X°+Xl+  {( -A/2 -B/2 +C)+3(A✓3 /2 -II/N /2 )1 X2  

.'. I I s  i= o+E 	(A2+B2+C2-AB-BC-AC ) 

Hence, 
I 	(A2+B2+C2-AB-BC-AC) 
IF 	- 	 . .. 

(iii)  Phases B-C to Ground Faults 
E (X2  +Xo)  

I1  - X1X2+X2Xo+X1Xo 

EXo  
I2  = - X2X1+X0Xl+XoX2  

EX2  

I° = X1X2+XoXi+Xox2 

Now, Is  = AI2  +BI0  + CI1  

= XX2 +X0  E 
1 

+X
oX2 	

rX. (C-A)+x2(C B)J 
1  

,fl E. Jx 	x0x2  IF= 	xx2+xx1+ 	as in Eqn. No.(3). 

Taking X1  = X2  and simplifying. 

(Xo/Xl) (A-C)+(B-C) 
IFI 	/3. ,/1+(X0/Xl)+(X0/Xl) 

(iv)  Phases AB to Ground Fault: 
E (X2  +Xo) I1  =  xoxl+XlX2+  XOX2 

(6)  

(7)  
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a2E(Xn) 
I2 - _ XOX1+X1X2+XOX2 

a.EX2 
I° 	XOx1+ X'0X2+ x1x2 

f.E (4 +X2+Xg)4 
1IFI = 	X0Xl+x1x°+ x0 	as before 

Is = AI2 + BI0 + CI1 

E - XOXl+ X2+X0X2 {- a2AX0-aBX2 +C(X2+Xa) 

= 	E  XOXI+XIX2+XOX2 ~XO (A/2+C)+X2(C+B/2)+J.V3­3/2(AXO-B(r2)I 

or l Is l = X0 X1 + 1X2 X + X0X2 
tXo (A2+C2+AC)+X2 (C2+B2+BC)+X°X2 (AC+BC- 

 
AB+ 2C2) j 

-1 
 

Taking X1 = X2 and simplifying:- 

'sI 
	

(- ) (AZ+C2+AC)+(-~) (2C2-AB+AC+BC)+(B2+C2+BC) } 

IIFl 	+ (Xo/X2)2 

... 	18) 

(3) Output BI0 + NI1 

(i) Phase A to ground Fault: 

i1 =i2 	 E 2 =I o = Xl+X2+Xo 

IF = Ia = I1 +1 +Io 

IFI - X1 +%2 +Xo 

Is =BIo +NI1 

1 Isl - (B+N) X
1+ X2+ XO 
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_ B+N 
I IF 

(ii) Phase B to Ground Fault: 

	

IIF{ 	3+ 	I  I2  -- aI1, Io  = a2I1  
0 

Is  =BIo +NI1 

- 
X].

+ 
 x2
E +x0 (- B/2+N j. i5/2B) 

Isl ` x1+ x2+x (B2+N2-BN) 

• .  Isi• __ /B2 +N2  B- Y 

	

IIFI 	
3... 

(iii)  Phases B,C to ground Fault: 
E (X2  + Xo )  

	

1 	XiX2+x0x1+ x0X2  

2  I0  = - x1+ 	as before. 
o X2 

_  ✓!' E VX2 +Xp +X0X2 
IF  - x1X2+x2x0+ X1X2 

Is  = BIo  + NI1  

= XlX2+ X0X1+ X0X2  . { X2  (B-N) +N. Xo J 

1  IS 	X2  (B-N) - NXo  
+XoX2 

Taking X2  = X1  and simplifying, 

(9)  

(10)  
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Is( 	(B-N) - N(Xo/Xl) 
IFI 	//1+(Xo/X,)+(Xo/Xl) 

(iv) Phases AB to Ground Faults 

`I I= I I_ 

	

+X1 +X°X1. E 
F 	a 	X1X2+ XOX1+ XOX2 

-a2X 0 2 = Xo+X2 II' Io . _ Xo X2 • I) 

Is `Blo +NIl 

-BX2(-+3.\//2)E NE(X2
+Xo) 

X1X2+ X2Xo+ XXXi + 	XlX2+ moo+ X0X1 

- 	x2x0+ x0X { X2 (N+B/2) +NXo- j .BX2.V /2 J 
X7. 

+ 	
1` 	 JJ 

Is, = X].X2+SOX].+` 52 1,4(B2N2+13N)+eoN-+X.Y.2(BN+2V2)j 

Hence s 1I5l 	X(B2+N2+BN)+XoN2+X0X2(BN+2N2)} 

X2 0 oX2 

Taking X2 = Xl and simplifying. 

(B2+N2+BN) +Xo/X,(BN+2N2) + (Xo/Xl) 2.1J2 

~/ 's/ 1+(Xo/Xl) + (X0/X1)2  

Now 	 ••• 	(12) 

Representing [Is/IF] by the symbol K for simplicity, we can 

derive its numerical value for all the cases considered above by 

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

above mentioned three combinations one by one. 

(1) For example, taking N = +1, in equation No.(1), 
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If M = 2 1  K = 1/3 (M+N) 

= 1/3 (2+1) 

= 1.0 

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

been tabulated as under: 

N=+1 	N= -1 

M 2 4 6 2 4 6 

K 1.0 1.6 3.6 0.33 1.0 3.0 

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

for K = 1/3 (M2  + N2  - MN)+ 

N = 1 

M 2 4 102 4 10 

K 	0.58 1.20 3.18 ; 0.88 1.58 	3.51 

A plot of the above results is shown in Fig.(A.1.la) (a) & (b) 

which indicates that K attains greater values for N= +l 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 X0/X1. The 
results have been tabul&ted as under- 
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N=+1 	X 	N-1 
-- 

1K X K 1K  1 	1 X  X X  

	

1 	' 	0 ' 0.66 ' 2.661 1.33' 2.0 ' 4.0 ' 

	

5 	'0.415' 1.45 ' 4,451  1.66' 2.7 ' 5.8 ' 

	

10 	'0.492' 1.59 ' 4.86 1.70' 2.8 ' 6.08 r 

A plot of these results is shown in Fig.(A.1.2a) 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 - 

I Isl - { N2+R0/X1(MN+2N2)+(Xo/Xl) (MZ+N2+MN)}+ 
I 

... 	(4) 
has also been calculated for different values of M, N and 

Xo/X1  and the results are tabulated as under. 

N=+1 	X 	N-1 
it 	11 1 1 V 11 

X 	 1  1 (M=2) (M=4) (M=10 (M=2) 	(M=4) 	M=10) 

	

l 	 1 	1 	I 	 $ 	 / 

1 ' 	1.15 ' 1.76' 3.7 X 0.66 ' 1.15 ' 	3.06 

5 ' 1.45 ' 2.44' 5.5 X 0.90 ' 1.84 ' 	4.90 

10 ' 	1.48 ' 2.53' 5.8 X 0.94 ' 1.95 ' 	5.2 

A plot of the above results has been shown in Fig.(A.1.2.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 0 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, 

A X 2 y 4 Y10 Y 2 y 4 Y 10 Y 2 y 4 A  10 Y 2 Y 4 Y 10 

K 11.0 11.6 13.611.31 2.01 4.0 X 1.6 12.3 14.3 12.3 13.0 15.0 

(b) Taking C+1, we obtain, 

I 	B=0 B=1 	 1 B=2 I 
A 	12 	1'4 	1 10 X 2 1 4 	110 	12 14 1 10 X 2 	1 4 	110. 

K 10.331 1.01 3.010.6t( 1.31 3.331 1.0 11.6 13.6611.6612.3314.33 

These results have been plotted in Fig. No. (A.1.3a) 

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

as under: 

(a) Taking C = -1, we obtain: 

I B=0 I B1 L B=2  	B=4 
A 12 14 X 10 1 2 1 4 110 1 2 14 1 10X) 2 X 4 110 

K 10.8811.5313.5 10.881 1.4513.38 11.0 11.4513.2811.451 1.6613.18 

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

I B=0 IB=1 	 B=2 1 B=4 
A 12 141101214 110 X 2 14 X 10 X 2 X 4 110 

K 10.5711.2 13.18 X3.3* 1.01 3.0 10.33 I0.8812.8510.8811.0 12.64 

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

Again, Equation (7), is considered for various values of 

constants A., B, C and Xo/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.1.4a) and 

(A.1.4b). 

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

values of B and N. The results are tabulated below: 

(a) N=+1 

B 0 1 2 4 5 8 10 

I K 1 0.33 X 0.661 1.0 1 1.661 2.0 X 3.01 3.661 

(b) N = -1 

B 0 1 2 4 5 8 10 

I K 	1-0.33 X 0 	X 0.33 1 1.0 11.33 12.33X3.0 I 

Similarly considering equation (10) following results 

are obtained. 

(a) N=+1 

B 10  11  12 14  16  18  1101 

K 	X 0.33 1 0.331 0.58 11.20 1 1.8612.5 13.181 

(b) N=-1 

X 
B I 0 	1 12 	4 16  18 1101 

K 	) 0.33 ) 0.581 0.88 1 1.5812.18 12.85) 3.511 

The graphic plot of these results is shown in Figs. (A.1.5a) 
and (A.1.5b). 

Again, by putting in values for B, N and Xo/X1  in Equation 
No.11, following values of K were obtained. 
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(a) N = +1 

Ro~X1 	
r 	K r 	K 	t 	K f 	K r 	K 

(BB=0) (B=2) (B=4) (B=8) (B=10) 

1.0  -0.66 0  0.66 2.00 2.66 

5.0 -O62 -0.415 -0.208 0.208 0.415 

10.0 	-0.60 	-0.49 	-0.38 	-0.163 	-0.05 

(b) N = -1 

K K K K K 
Xo/Rl t 	(B=0) ' 	(B=2) 	' (B=4) 	' (B=8_- )__-_ (B=10) 
1.0 0.66 1.33 2.00 3,33 4.00 

5.9 0.62 0.83 1.03 1.45 1.66 

10.0 1.598 0.708 0.815 1.03 1.14 

Similarly for Equation 2) various values of K obtained are 

tabulated as under- 

(a) N = +1 
K , 	K 	r 	K ,K r 	K 

Ro/Xl ' 	(B=O) ' 	(B=2) 	' 	(B=4) ' 	(B=8) ' 	(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 
K ' K ' K ' K ' K 

(B=0) 	(B=2) ' (B=4) ' (D=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 0.55 0.52 0.53 0.57 
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A graphic plot of these results has been shown in Figs. 

(A.1.6.a) and (A.1.6.b). 

From the above mentioned graphic plots it is quite 

eident that the combination MI2 + NI1 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: 

The sequence network used to derive the relaying quantit-

ies 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~ iq and ir, as shown in Fig.(2.5) 

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

currents ia' 1b and is as shown in Fig.(A.2.1). The currents 

Ii and IZ passing through the positive and negative sequence 

network, respectively are given by- 

I1 = K (ip + iq/_60° ) ...  ...  (i) 

IZ = K (ip + it 600) ... 	,.. 	(ii) 

Where, K is 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 T2 and T3 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 - 

I 	rR Vo  °< I2R + Ii• R+2r 

or Vo (2+ R)IZ + It 	... 	... 	(iii) 

where Il  and I2  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 I2, 

.0. Vo  z MI2  + NI 1 	... 	... 	(iv) 

Graphic 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 voltage Vo  accordingly. 

L3. 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.(A.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 

B and 0, while a positive d.c. transient will increase it by the 
angles 9 and )L' 

For external faults, the fault currents 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 delay 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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