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SUMMARY
Pilot-wire protection and its applications have been the topi 

of a good deal of discussion and research recently. It seems, how­
ever, that the demand for protecting longer lines and for decreased 
operating times extends present techniques beyond their limit of 
applications. Most of the present available pilot-wire schemes 
operating on G.P.O. circuits are dependent on the pilot-wire circuit, 
i.e. their overall characteristics are unpredictable.

Ideally, pilot-wire protection schemes should be independent 
of the pilot-circuit.

A sophisticated pilot-wire scheme using narrow-angle phase- 
comparison techniques, similar to those used in carrier protection, 
has been developed in the work described in this thesis.

This work falls into five broad sections. The first deals 
with the advantages and the future of a new pilot-wire scheme.

The second discusses the analysis of single relaying quantities 
for feeder protection.

. v -..

The third describes the design, analysis and testing of 
segregating circuits associated with ironless-core C.T.s for 
extracting relaying quantities.

The fourth and the fifth section deal with artificial pilot
Icircuits as well as the design, construction and experimental work 

carried out on the developed scheme.
In order to protect longer distribution feeders, it is nowa­

days increasingly realised that developing protection schemes, as 
the one described in this work, is economically justified.
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INTRODUCTION

In the past, inverse time relays were adequate to protect 
simple radial feeders and they gave reasonable clearing times*

As a result of the growth of generating stations and their 
interconnecting networks, such simple schemes became unsatisfactory 
due to laok of discrimination. The introduction of the early Merz- 
Frioe pilot-wire schemes promised a solution to the problem*

Pilot-wire schemes have been applied in recent years to longer 
high voltage feeders* The increasing length of the protected 
section has precluded the use of private pilots and introduced 
telephone type pilots, privately owned or rented circuits from 
the G.P.O*

The principle of comparing signals derived from the currents 
at each end of the proteoted feeder is still unchanged today* 
Developments have, so far, been mostly concerned with finding 
suitable and effeotive methods to carry comparison over pilot 
circuits which impose limitations, due to their characteristics, 
on the application of the comparison prinoiple. These developments 
have been evolving round the concepts of biassed relays and 
replica impedance*

In general, most modern pilot-wire differential schemes 
function satisfactorily within their limitations* Unfortunately, 
their capabilities and limits are not always dear* This is



possibly due to the simple treatment of pilot-circuit in terms 
of loop resistance and intercore oapaoitanoe# Long G*F*0* pilots 
are actually composed of different conductor size seotlons and, 
in effect* have to be treated as more complex four terminal 
networks*

It appears, however, that with the progress aohieved in 
telephone techniques, the G*P#0* will eventually tend to reduce 
the size of conductors below their present practice* In such a 
case protective pilot-wire schemes must be able to operate 
satisfactorily over increased pilot-circuit resistances*

Present pilot-wire differential schemes have almost reaohed 
their limits of application, and as the pilot-wire resistances 
increase, less ourrent can be carried over the pilot circuit for a 
given maximum permissible voltage* This consequently requires the 
development of more sensitive relays* In the same time the 
capaoitive ourrent of the pilot-oirouit Increases as the pilot- 
length increases, and this unfortunately tends to override the 
differential effect principle*

Ideally, pilot-wire protection schemes should, of course, 
be independent of the pilot-oirouit, but this would appear to be 
an impossible requirement with the present day schemes unless 
some fundamentally new technique is evolved*

Conventional lron-oored C.T.s, with their defects, have 
always been a major obstacle in the progress of many types of
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protection including pilot-wire* It was also clear from Nellistfs
(26)work that further improvements in protective relaying depend

to a large extent on finding an alternative current transducer#
(8)(19)(20)This faot together with successful application of transistors 

and semiconductor techniques in power system protection* have opened 
the way for further development in the field of pilot-wire 
protection#

A sophisticated pilot-wire scheme using narrow-angle phase-
comparison techniques* similar to those used in carrier protection*
has been developed in the work described in this thesis# This
work is the result of research and development carried out by

(26)the author since the time Nellist published his work on 
ironless-core C#T.s (linear couplers)#

The oontents of this thesis falls into five broad seotions*
The first desoribes the advantages outlined in introducing a 
new pilot-wire scheme and gives briefly its basic prinoiple* and 
future applications#

The second* gives a rather detailed analysis of single 
relaying quantities* derived from three phase ourrents* for feeder 
protection and recommends a oertain combination of sequenoe ourrents 
for this purpose#

The third* is the design* testing and analysis of segregating 
networks to be associated with ironless-oore C#T#s for the 
extraction of relaying quantities#
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The fourth section deals with the simulation of Cr#P*0# 
pilot-oircuits and their associated problems#

The fifth and last section deals with design* construction* 
and experimental work carried-out on the developed scheme# This 
section contains some general conclusions and recommendations for 
further work#

V



CHAPTER 1

A SURVEY OF MODERN PILOT-WIRE.SCHEMES

1*1 Historical introduction
In the pastĵ inverse time relays were adequate to protect 

simple radial feeders and gave reasonable fault clearing times#
As a result of the growth of generating stations and their 

interconnecting networks# higher fault current levels were
experienced# Such simple protective schemes beoame therefore

\

unsatisfactory due to the lack of discrimination# The introduction 
of the early Mers-Price pilot-wire schemes promised a ready solution 
to the problem of high speed discriminative protection#

The principle of comparing currents* or voltages derived from 
these currents at each end of the protected feeder is still unohanged 
today* Developments have been so far mostly concerned with finding 
suitable and effective methods to carry comparison over pilot 
circuits which impose limitations* due to their characteristics* on 
the application of the comparison principle#

The early Mera-Prioe scheme Pig# (1#1A)* operated over negligibly 
short pilots* used air gap transformers to provide a linear ourrent/ 
voltage output* and was connected in a voltage opposition arrangement 
under through fault conditions# The effect of the oapaoitive 
ourrent of the pilot circuit was considered by increasing the relay 
setting# The scheme operated satisfactorily* within its limits*
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for very short feeders*
The modified Merz-Price circulating current scheme* which

overcomes the practical difficulty of inserting the relay at the
middle of the protected section by introducing a third pilot wire
thus enabling the relays at both ends to be at a zero voltage
position on external faults, is shown in Pig* (1*1B)# This
arrangement reduced also the effect of pilot capacitive ourrent*

(1 )Beard-Hunter used screened pilot cables with discontinuous 
sheath at mid pointy to prevent the pilot capacitive ourrent passing 
into the relay coils* This schemê Fig* (1 *1C)̂ introduced an 
improvement in setting/stability ratio and was used extensively 
with reasonable success* The cost of the special pilots oables 
and D*A*G* transformers made it uneconomical*

Further schemes requiring three core pilots were subsequently 
introduced mainly to eliminate pilot capaoitiye ourrents from the 
relay coil oirouit* The Merz-Hunter split pilot and the self

(i)compensated pilot systems are typical of such schemes * In 
general, all these modified schemes required either speoial pilot- 
oable or 3 core pilots and therefore were found to be expensive* 

However, it was realised that the oapaoitive ourrents of 
pilots as well as current transformer inequalities, had the
greatest effeot under heavy external fault conditions* This

?

promoted the idea of employing biassed relays whose pick-up 
setting increases as the value of through fault ourrent inoreases*
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These schemes used two core pilot and were similar to modern schemesV . ' J
in application today* Fig*.(l02A and B)* In fact differential

(3)protective schemes in common use* hoth in the U*S*A* ' and
at present differ very little from the basic biassed

schemes*
The introduction of the pilot compensation impedance* or

replica impedance* was a major step forward in the design of pilot-
wire schemes* and a typical scheme is illustrated in Pig* (1«2C)«
The scheme uses an artificial (mimic) impedance having similar
characteristics to the pilot-wire circuit and is energised by pilot
voltage* The current through it is used to counteract the effect
of pilot current* so that the relay operating coil is effectively
connected to the electrical mid point of the protected section
under external-fault conditions* Early schemes included compensation
only for pilot-circuit resistance and they did not give very
satisfactory performance*

Most of the modern pilot-wire differential sohemes in praotice*
use either the bias features or replica impedances* or both* It is
in the choice of satisfactory bias and/or compensation circuits(1Mthat progress has been made in providing a protection scheme* 
whioh can operate satisfactorily* over any practical lengths of 
pilot-oircuits*

Many methods devised for pilot-wire protection sohemes were 
based on the balanced ourrent principle and two main notable



departures from this approach were DoC„ lock-in soheme and the
(5)Casson - Last phase comparison scheme«

(2)(15)The former was introduced by Longfield ' ' and was the
(?)first scheme to envisage the use of rented F*0„ circuits ,

The pilot circuits were used only to carry a B*G* signal* i.e* 
on/off* distinct from a signal representing either the magnitude 
or the phase of the feeder ourrent* This D.0-C* signal was used only 
for blocking associated with a high speed directional relay and a 
lower speed overcurrent relay at each end of the feeder* Fig*(l*3) 
shows a schematic illustration of the b&sic scheme* For external 
fault conditions one directional relay would indicate the fault 
power* active or reactivep leaving the protected section and would 
therefore initiate a B*C* pulse over the pilot circuit to inhibit 
tripping at both ends by blocking the lower speed 0.0. relays*
For internal fault conditions neither of the direotional relays 
would indicate outgoing fault power and the o*c. relays would 
therefore effect tripping at one or both ends where there is fault 
ourrent infeed* The performance of the soheme was satisfactory 
but it suffers from the obvious disadvantage of long fault 
clearing times, since discrimination is provided by time delay*

As a result of further developments, the time delay was 
reduoed to acceptable proportions by a more complicated soheme known 
as High-Speed B*C* Look-in System* This system was used extensively 
with carrier pilot and in a number of cases audio frequency (V#F.)
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(a)or DeCa signalling'̂ 7 was used9 but with less success* over P«0* 
circuits 0 The over-current starting feature was ultimately replaced
by under.-impedance starting and this lead to the idea of providing

ceDaCa locking impulse to conventional high speed distant1 protection 
in order to reduce last zone clearance time* This method is still 
practiced in D«SoA<> over carrier pilots* DaOa lock-in schemes 
required low set and high set starting features as well as expensive 
V *T & s for directional relays0 They suffered also from the problems 
of directional relay operation under nearby three phase faults*

The outcome of all these schemes was the introduction of 
accelerated distance protection by the aid of signals (V0P«) over 
pilot circuitso Its basic principle was to initiate a signal (V#F*) 
in the pilot circuits when tripping takes place at one end of the 
protected section* This signal* on receipt at the remote end* 
is arranged to operate an auxiliary relay which in turn short 
circuits the time delay contacts of the last zone of the Distance 
Soheme* This arrangement has therefore instantly changed the reach 
to zone 3*

Suoh scheme has been successfully operating on feeders* 
particularly on teed feederi]̂ 2nd has many advantages* not the least 
of which is that a pilot failure does not produce serious oonsequenoes* 
It is envisaged that its main application will be for long feeders 
where present conventional differential sohemes may get into 
difficulties*



Another method which was a major attempt to deviate from the
(5)differential principle was introduced in 1947 by Casson and Last V  

The basic principle of this scheme is to compare the direotion of 
each half-wave of current with the direction of the half-wave 
received from the other end of the protected section via the pilot 
circuit* This scheme was introduced at a time when P*0* pilot 
circuits were considered unsuitable for differential protection 
schemes and were used only for lock-in protection purposes*'

The Casson-Last soheme guided the thought away from the use 
of voltage transformers and directional relays to the method of 
current phase comparison at the two ends of the protected seotion*
In this respect it introduced the present field of longitudê al 
differential protection over rented G*P*0* pilot cirouits* Fig. (i*4A) 
illustrates the principles of the practical scheme*

Under external fault conditions the secondary currents of the 
G.T.s are approximately 180° out of phase* so that on one half 
oyole relay A* is operated from the 0»T* at end (1) simultaneously 
with relays Ba and B* in parallel from the C*T. at end (2)*

Relay A2 remains inoperative. Under these conditions no 
tripping will occur* On the next half oyole the reverse will take 
plaoe, Ag and R2 operating together while B? operates alone 
and again no tripping takes plaoe*

Alternatively for internal faults fed from both ends* on the 
first half cycle A1 and Ag operate simultaneously while B*



and Ba remain inoperative. This will result in an impulse given 
to the tripping relay for a half cycle* On the second half cycle 
Bi and Bg will operate without effect while A* and Ag are 
inoperative* The tripping relay will therefore he energised on 
alternate half-cycles*

The series resistor r* is equivalent to the pilot loop 
resistance and resistor rg is equal to the resistance of one 
relay coil* The current setting of relays B$ and Bg is lower 
than relays An and Ag to provide a low set and high set feature, 
i.e. to ensure overlap feature*

The scheme* in practicep had unfortunate history because of 
the unsatisfactory performance of the ultra high speed relays. 
Difficulties aroise particularly in designing and adjusting the

. I
relays so that they would respond to instantaneous reversals of
direction at the inception and clearing of faults. Considerable
improvement was obtained by the introduction of a slugged telephone
type trip auxiliary relay and no doubt improvement would have resulted
from the use of Carpenter relay elements.

The principle of the scheme is used in phase comparison carrier
relaying but* to the Author®s knowledge* is not used nowadays with

(17)pilot channels. It was tried in Germany and the U.K.' 7 for some
years but was not considered practical because of the difficulties 
mentioned before.

The indefinite performance of the scheme can be seen from the



polar diagram Fig* (i tf4B) of the tripping phase angle characteristics. 
The scheme was designed to operate over G*Po0. pilot circuits having 
a loop resistance of about 2*0 K ohm and intercore capacitance not 
more than 2*0 tiF* The demand for operation over longer G.F.O* 
circuits* together with the unfortunate history of this scheme, 
contributed in accelerating the development of the biassed 
differential schemes.

1*2 General Considerations for Modern Pilot-Wire Sohemes
The historical introduction attempted very briefly to trace

the development from the early Merz«Price soheme to the conceptions
of bias, replicaD.C* or (v*F*) signalling type, and was concluded

(k)with the Casson-Last scheme .
A great many pilot-wire sohemes for private pilots have been

developed over the years, many of which are similar in principle
if not in detail* Most of these sohemes are operating over
7/#029w pilots with a maximum loop resistance of about 800 - 1000 G.
These schemes are not given much attention in this work, but are
only mentioned when appropriate. Private pilot-sohemes are often

(14)uneconomical-for protection of feeder sections' of about 25 miles 
and over. It is therefore economical to rent pilot circuits from 
telephone companies (G*P*0.) for feeders longer than 25 miles where 
the cost of distanoe or carrier protection may not be justifiable. 
However it is felt that with the introduction of a super-grid of



(12)400 K#V, in the UeK# , many of the lower voltage feeders, in 
particular 132 K#V# grid, would be merely for distribution purposes, 
rather than for trunk transmission*, This may add another factor 
not to justify, in principle, distance or carrier protection for 
these distribution networks*,

All these reasons oombined together give a greater demand for 
the development of pilot-wire protection sohemes, including the 
one described in this thesis, suitable for use over Gr#P.O# rented 
cirouits# Suoh sohemes are more attractive economically than 
carrier or distance protections on lines of 30 - 40 miles in length# 
For shorter lines they have also some economic advantages over 
private pilot-schemes unless a suitable pilot is readily available 
at low cost#

With the use of G#F*G# rented circuits, additional difficulties 
exist due to G#F»0« limitations with regard to the maximum permissible 
voltage and ourrent levels which may be applied to their pilot 
cirouits# In addition, inductive loading colls, to facilitate 
speech, are often Included in G#P#0* circuits which add to the 
difficulties*

In general, G#P#0# rented cirouits are by no means as reliable 
(sis private pilot circuits, and in modern protection schemes it is 
essential to use continuous supervision of pilot circuits* G#P#Q# 
pilot oircuits are discussed in more detail in Chapter (7)*

These pilot oircuits Introduce also special problems in the



designing of relaying schemes due to voltage and current limitations 

i#e# limiting the power which can be transmitted, and consequently 

reducing the power available for relay operation# Voltage limiting 

networks are used as a normal practice and thus greater power is 

made available to the relay at setting#

Schemes involving voltage limiters tend, at high current levels 

to become insensitive to amplitude differences between the currents 

at the two ends of the protected feeder and can only then operate, 

on phase difference (i#©# phase comparison)#

There are some common features to all pilot-wire schemes 
operating over G,#P#0# cirouits# Most of these features were 
intaroduced to overcome some of the special problems experienced 
with the use of G#Po0o rented pilots# The two main features 
introduced are pilot supervision equipment and starting relay 
arrangement#

1*2*1 Pilot Supervision Fquiment
A healthy pilot circuit is essential in a pilot-wire soheme 

for correct discrimination® Private pilot circuits of 7/#029 type 
are not usually provided with continuous supervision although they 
are not completely without fault incidence, at least due to 
interference as a result of human activities#

When G#P#0# oircuits are used for protection purposes, 
continuous supervision is considered essential# Fitting of



"Priority” coloured links on these circuits, by the G.P.O., help 
to minimise interference# However, interference cannot be completely 
avoided during fault locations or field testing by G.P.O. 
personnel. Testing voltages may be applied during maintenance 
of adjacent circuits*

Pilot supervision equipment is arranged to give a time delayed 
alarm in the event of pilot failure and fault detector relays 
(starting relays) ensure that pilot failure does not result in 
circuit breaker tripping tinder normal load condition. A through 
fault coinciding with a pilot failure will produce maloperation, 
but this is not considered a serious risk.

Most pilot supervision schemes are basically similar.
Fig. (1.5) shows two typical cases of these arrangements.

The supervision method usually oonsists of circulating a 
small direct ourrent, between 0.3 to 5 mA, around the pilot loop.
A polarised pilot supervision relay, at the remote end, is held 
continuously operating by this D.C. ourrent. Conditions of 
short-circuit, open-oirouit, and reversal of pilot cores cause 
the supervision relay to reset and give an alarm* The relay at 
the sending end gives also an alarm for the failure of supervision 
supply. The supervision ourrent is generally disconnected during 
fault conditions to prevent any interference with the main 
protective soheme, A high degree of D.C, smoothing is required by 
the G.F.O, to prevent interference with adjacent communication oircuits*
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1*2*2 Fault Detectora or Starting Elements
The fault detectors (starting elements) have to fulfil two 

main requirements when used in conjunction with pilot-wire 
proteotive schemes operating over G*P*0* circuits*

(a) To prevent, or rather to eliminate, the possibility of 
circuit breaker tripping for pilot circuit failures
or faults arising from G.P«0# interference# This is 
•usually achieved by arranging for the starting relay 
contacts to short circuit the main relay operating coil 
circuit and to control tripping*

(b) The pilot supervisory current should be interrupted 
before the main protection is brought into operation*
This facility is also provided by the starting relay*

Fault detecting elements (starting relays) may respond to 
overcurrents, negative sequenoe currents or their rate of change* 
Generally, where fault settings are greater than maximum loads, 
as in 3 phase and 2 phase faults, starting feature is provided 
by two overcurrent and one earth fault elements*

In cases where settings less than maximum loads are enoountered 
on the system, a rate of change element provides starting, phase 
unbalance or negative sequence ourrent, for phase faults*



1 *3 Present Sohemes for use over G*P*0a Pilots
In the present section a survey of commercially available 

schemes is given, with elementary details of operating principles, 
and also some general criticism*

1*3*1 A*EoI* DSO Protection
This protective scheme uses the opposed voltage principle 

together with amplitude comparator relays having separate coils 
energised from separate metal rectifier bridges* This equipment 
was first installed in 1953*

The basic arrangement is shown schematically in Fig* (1*6)*
The summation current transformer secondary winding energises a 
voltage limiting network composed of a realstor/Metrosil (non-linear 
resistance) parallel combination*

The inherent discrimination available over G*P#0* pilot 
oircuits is limited by their large series loop impedance and the 
high shunt admittance normally encountered on such circuits# This 
soheme uses a shunt reaotor across the pilot circuit at each end 
to compensate for (tune) about half the pilot capacitance* Adequate 
discriminating factor is achieved by the use of tapped pilot 
tuning choke and the bias resistor setting which is adjustable?* 

Three starting relays are used, as shown in Fig* (1*6), two 
■connected in the phases and the third in the residual oirouit of 
the C#T#s* The starting relayk oontaots short circuit the relay
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operating qoil and control tripping*
Comparison over the pilot circuit is continuous hut measurement 

is only carried out during fault conditions, (i*e* when starting 
relays operate)*

Alternative schemes are available using switched pilots, i.e. 
the pilot circuits are normally free for telephone or supervisory 
use and are connected to the protective system only under fault 
conditions*

Pilot supervision is invariably included although it is not 
shown in Fig. (1*6)* ,

The relay depends entirely upon the settings of the pilot 
tuning choke and the bias setting resistor for correct operation, 
particularly on long pilot cirouits*

The pilot cirouit is not necessarily symmetrical and the 
tuning reactor may require different settings at each end* High 

ohokes may introduce system frequency variations as well as 
severe subsidence transients. Where pilot voltage limiters are 
also used the compensation effeot of the choke is further Impaired 
by harmonics of the pilot voltage waveform, since compensation is 
only effective at fundamental frequenoy* All the above oauses 
contribute to impair the discriminating factor of the scheme*

When this soheme was first designed very little was known about 
the characteristics of the G.P.O* circuits and design speoifloation 
merely quote 3500 ohms pilot loop resistance and a oore/core



capacitanoe of 2*5 hF*
A recent version of this soheme contains a second harmonic 

filter unit.connected across the bias circuit resistor* This has 
been included particularly for transformer feeder applications to 
provide an additional bias under transformer magnetising inrush 
current during switching operations* Tests carried out on this 
scheme^^^ over an aotual unsymmetrically loaded G*P*G* oirouit 
of 2750 ohms, have shown that the best obtainable discriminating 
faotor was 4s1* It would therefore seem unwise to extend the use 
of such schemes on longer pilot circuits*

1#3*2 High Resistance Pilot Wire Protection (Reyrolle)
(16)This soheme 9 referred to occasionally as half-wave comparison

(17)soheme' , uses the series voltage principle with parallel 
connected relays* Rectifiers are conneoted in series with the 
pilot oirouit to give ah artificial mid-point oozmeotion for the 
relays on alternate half oyoles* The basic oonneotlons of the 
soheme are shown in Pig* (1*7A),

At eaeh end the pilot loop oontaina a half-wave reotlfier» 
shunted by a resistance Rĵ $ so arranged that their oonduoting 
directions are in opposition* The relays are conneoted across 
the pilot-oirouit terminals each in series with another half-wave 
reotifier*

Pig* (i*7B ) shows the condition o f an external fa u lt  fo r
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both half cycles of current* It is seen from the figure that if 
RA =* Rp then the equipotential point alternates between the two 
ends, eaoh relay R being at the electrical mid-point on alternate 
half cycles. The rectifier in series with the relay cirouit 
prevents current flowing when the relay is not at the electrical 
mid-point,

In practice, the resistor Ra is chosen to be greater than 
the pilot loop resistance so that both relays R are polarised by 
reverse voltage for both half oycles oh external faults* This, 
in effect, provides the relay with a bias feature by displacing 
its connection beyond the mid point, in the stable direction.

It Is claimed that the pilot replica impedance Ra may be a 
pure resistor, no capacitance required, because of the uni­
directional nature of the pilot voltage, on external faults, 
which reduces the effects of pilot oapaoitanoe currents.

Under Internal fault conditions, only the relay at the fault- 
feeding end is energised. The relay ourrent is unidirectional 
being a half-wave reotified and is therefore used as control 
ourrent of a transduotor type relay, whioh obtains its polarising 
constant voltage supply through a network energised by the secondary 
fault ourrent#

Another additional half-wave rectifier is oonneoted across 
eaoh relay ooil to perpetuate the ooil ourrent during the dead 
half oyole*.



The starting equipment consists of three identical transformers 
the outputs of which are connected to three rectifiers, the 
outputs of which in turn are paralleled and connected to the coils 
of two starting relays in series, low set and high set,

On the occurrence of a fault, contacts of the low set are 
opened thus removing the short-ciycuit aoross the pilots as well 
as interrupting the supervisory current* At the same time, the 
high set contact is opened which removes a short circuit from the 
control winding of the traikiduetbr relay* A conventional pilot 
supervision arrangement (not shown in the diagram) is also included* 

The scheme is suitable for pilot circuits of up to 3500 ohms 
loop resistance and a pilot core capacitance up to about 2*0 pF# 

Simple tests carried on this s c h e m e ^ g a v e  adequate 
discriminating factors for pilots up to 3600 ohm loop resistance, 
but for longer cirouits the available discriminating margin is 
greatly reduced to something in the range of 2 - 5 for a pilot- 
loop resistance of about 5000 Q,

It is clear, from the description of operation, of this 
soheme that the ultimate length of pilot permissible is probably 
restrioted by the basio prinoiple rather than inherent sensitivity 
of relay elements*

It has been mentioned in seotion (1*2), that schemes involving 
voltage limiters tend to operate on phase comparison principles 
over most of its working range* The soheme under consideration



is one of this type, and it is therefore essential to examine the 
basic characteristics with particular reference to phase angle 
response. Reference to the manufacturers confirmed that such 
characteristics have not been recorded*

It was not until very recently* that such tests were carried 
out over G*P,0* circuits. From the study of the results it is 
apparent that this scheme has a very low tripping angle, with 
short pilots, of about 10°* It is also apparent that the tripping phase 
angle of the scheme is seriously unsymmetrical, having an angle 
as high, in the lagging direction, as 90° and over*}

Such sohemes would give sequential tripping under fault 
conditions which might limit its use in cases where automatic 
high speed reclosing is practised* However, the scheme is 
suitable for many less important feeders, within its limitations 
of 3500 Q pilot resistance and 2.0 ]xF core capacitance, as long 
as oare is taken in setting-up the scheme so that adequate 
phase comparison angle is obtained particularly with short pilots*

1*3*3 Bridge Oom'parator Scheme Using Renlioa Impedance 
The soheme was developed in 1954 by C*E*G.B*^0  ̂South Wales 

Division* The basic principles, of the latest version, of this 
soheme are shown in Fig* (1*8)

Private correspondence with Hr* J, Rushton of Q.8.G.B., 
South Western Region.
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(The scheme uses the opposed voltage principle and a pilot 
replica impedance for compensation. The replioa impedance Zq 
is energised by a voltage equal and of opposite polarity to the 
pilot voltage and the current drawn through the replica Zq is 
therefore equal and opposite to the pilot circuit current under 
external faults (healthy conditions).

The operating rectifier bridge of the differential relay R 
is connected in series with the pilot wires, and thereby carries 
a current proportional to the out of balance current between 
the two ends of the feeder. A bias feature is also provided 
to ensure stability under external faults by causing a ourrent 
to flow in the relay in a restraining direction* This bias 
current is supplied from a rectifier bridge conneoted across 
the input side of the summation current transformer*

A voltage limiting oirouit, composed of a non-linear 
resistor/condenser combination, is connected across the secondary 
of the summation transformer*

Compensation for G*P*0. pilot oircuits is provided by the 
replica impedance Zq which is composed of a resistor and a 
capacitor connected in series* The magnitude of the voltage 
applied to this compensating network is made adjustable, as 
well as the series resistor of the compensating oirouit itself* 
This arrangement provides continuous variable adjustment using 
fixed values of the compensating oirouit capacitor*



Instantaneous starting relays are used to control the protection 
and to prevent inadvertent tripping due to pilot failures* The 
starting relays permit the differential relay to operate and 
control tripping*

The relay circuit itself comprised two rectifier bridges 
connected in a circulating current circuit with the differential 
relay, (plain amplitude comparator), connected across equipotential 
points*

Under external fault conditions the bias ourrent will exceed 
the operating current and the relay will be restrained from 
operating* On the other hand an internal fault will reverse 
this condition and the relay current flows in the operating direction* 

It is possible to provide an acceptor circuit, not shown 
in diagram, composed of a condenser/choke tuned to 100 o/s, 
connected across the bias resistor Kb * This circuit exerts 
negligible effect on the restraining current at fundamental or 
odd harmonics frequencies*

Under transformer magnetising ourrent inrush conditions 
where a predominating 2nd harmonic content is present, the 
oirouit provides an additional restraining ourrent feature by 
shunting Rb# This feature is advantageous where the scheme is 
applied to rather short transformer/feeder circuits*

A conventional form of pilot supervision equipment, not shown 
in Fig* (1*8), is also incorporated*
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Testing results on Gr*P*0* cirouits show that the soheme 
operates satisfactorily over pilot circuits up to 6000 ohms loop 
resistance and gives symmetrical tripping characteristic*

However, it is felt that this soheme has been developed 
over the years as a result of long field experiences* It is also 
the only scheme which has been thoroughly tested on mixed G*P*0* 
circuits and provides a practical approach as far as commissioning 
procedures are concerned*

This scheme, like most other^ uses voltage limiting oirouits, 
with a result of a pilot voltage waveshape being completely 
different from sinusoidal over most of the working range* The 
setting of the bias and the pilot compensating impedance are 
generally carried out under the linear part of the limiting circuit 
characteristics, i«e* with sinusoidal voltages* For an 
unsymmetrioal pilot circuit the compensation at the two ends 
differs, and consequently different pilot voltages are obtained, 
for the same type of fault, at the two ends of the protected 
section* The setting would also vary according to the type of 
pilot-aircuit used* These factors are, in fact, common to all 
sohemes of this type*
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CHAPTER. 2

BASIC OPERATING PRINCIPLES OP A 
TRANSISTORISED SCHEME ASSOCIATED WITH IRONLBSS-CORE C.T.s

2*1 Introduction

Pilot-wire sohemes have been applied in recent years to longer 
high voltage feeders* The- increasing length of the protected section 
has precluded 'the-use*of private pilots and introduced telephone 
type pilots, privately owned or rented circuits from G*P*0* The 
use of G*P*0* oirouits, with their limitations, needed a new design 
approach to take into aocount the parameters of the pilot oircuits#

In general, most modern pilot-wire schemes funotion satisfactorily 
when applied within their capabilities* Unfortunately the limits 
and capabilities are not always dearly laid* This is possibly due

■-Ito the simple treatment of pilot-oircuits in terms of loop-resistanoe 
and intercore capacitance* Long pilots are actually composed of 
different oonduotor size sections and therefore, tend, in effect, 
to be treated as a more complex four terminal network*

The development of modern pilot-wire schemes has been evolving, 
as given in Chapter (l), round the two basio oonoepts of replica 
impedanoe and biassed relays*

It appears, however, that with increasing improvements in 
telephone techniques, the G*F.O# will eventually tend to reduoe the 
size of conductors below the present practice* In such a oase the



protective schemes must he able to operate satisfactorily over 
increased pilot-oircuit resistances and a range of £000 Q to 
8000 Q does not seem unreasonable*

The introduction of a super-grid of 400 K\T in the IT*K* , 
would put other systems of lower voltages, e*g* 132 KV, as merely 
for distribution, and consequently carrier or distance protection 
for these feeders would hot be economically justified* This would 
open the field for pilot-wire protection application on longer 
feeders than its present limit and consequently over higher pilot 
loop resistances*

For oirouits where high speed reclosing is envisaged, most 
present pilot-wire schemes, given in Chapter (l), require careful 
investigation of their characteristics before application* It should 
be pointed out that since their charaoteristios are incalculable and 
depend upon pilot-cirouit conditions, it is therefore impossible 
to predict accurately the scheme characteristics in advanoe of 
commissioning*

Ideally, of course, the pilot-wire scheme characteristics 
should be independent of the pilot oirouit, but this would appear 
to be an impossible requirement with the present day schemes unless 
some fundamentally new technique is evolved*

Another interesting praotical case for the application of 
pilot wire protection schemes on untransposed transmission lines

(ig)is mentioned' • In this particular case of four parallel oirouits,



24*

of untrahsposed lines* the residual sero-sequence circulating 
ctirrent has reached as high as 4*0$ of rated load* due to mutual 
effects* The setting of relays was then difficult without a 
reduction in the sensitivity of a combined overcurrent (o,o,)/earth 
fault protection scheme. This was mainly due to high transformer

i

earthing resistors to comply with P,0, regulations in order to limit
the earth current. It was noticed that the occurrence of an earth
fault on one circuit would cause the relays of sound circuits to
trip due to the increase in the residual current which approaohed
earth fault settings.

The use of pilot-wire protection seems the only solution with
current phase-comparisonp since the residual circulating current
would simply be added top or subtracted from* the load current
without any effects on phase comparison principle*

As a general case for protection of untransposed lines it was
(18)recommended' that pilot-wire schemes should be studied with 

preference to other alternatives,

2*2 Basic Approach
From the previous section it is clear that another approach 

and new techniques should be developed to meet the increase in 
pilot-wire circuit resistance either to cover longer distances or 
due to using smaller conductor sizes,

.Present pilot-wire differential schemes have almost reached
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their limits of application* and as the pilot-wire resistance
increases* less current can he carried over the pilot circuit for a
given maximum permissible voltage. This consequently leads to the
requirement of developing more sensitive relays, Higher sensitivity
in the relaying elements could be achieved fcy amplification*

Unfortunately* the capacitive current of the pilot oirouit
increases as the pilot length increases and it will tend to override
the differential effect principle* The effect of the remote end
voltage in decreasing or increasing the relay current will* for
long pilot-circuits* undergo a phase shift and under such conditions
the minimum differential current will not occur on conditions
representing an external fault* It is these phase shifts together
with the inherent increasing sensitivity of relay elements whioh
impose practical limitations on differential pilot-wire protection*
It has been mentioned* in section (2*1 )* that ideal pilot-wire scheme
oharaoteristlos should be independent of the pilot-oircuit*

Vith the successful applications of transistorised
o i r o u i t s i a  power system protection and the practical

(21)progress obtained in the field of ironless-oore G*T.sv * the way 
has been opened for further developments* A sophisticated pilot- 
wire scheme using narrow-angle phase comparator techniques* similar 
to those used in carrier protection* is envisaged.
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2 #-3 Performance and Design Requirements of the Soheme
Prior, to the design of any protective relaying sohemef it 

is rather important to prepare a guide for the required performance* 
This should take into account the performance of power system 
under extremes of internal and external fault conditions and then 
deciding on a satisfactory relay character is tics to give adequate 
discrimination* v>

System behaviour under healthy and faulty conditions should be 
analysed to determine the most desirable relay characteristics and 
to select the relaying quantities*

Normal system conditions9 including power swings oould be
(22)investigated by means of a locus diagram' ' which shows that the 

overall relay characteristics should include a definite setting 
associated with a finite stability angle* It is noted that for lines 
up to 100 miles in length negligible error is involved in using 
standard oapacitive ourrent values (0*36 and 0*94 A/mile of 
132 KV and 275 KV lines respectively) in the evaluating of the 
locus* With underground cables it is also permissible to use 
quoted oharging ourrent figures as a basis for oonatruoting the 
locus diagram* For a pilot-wire protection scheme this locus 
diagram gives complete information of relay input quantities since 
the effect of any attenuation and phase shift in the pilot circuit 
will be inoluded in the derivation of the overall relay 
characteristics *



In general, a minimum current setting of about 200-300 A
with a stability angle of £ 30° to £ 45° » will give good
performance even for long cable systems (about 20 miles on 132 KV)*

The selection of. relaying quantities to provide a reliable
output under internal fault conditions would require investigation
in the performance of power systems under various fault conditions*
This topic is disoussed at length in Chapter (4)* A combination
of phase sequence currents to provide a relaying quantity has been 

(q)recommended' * Further analysis of this combination for phase- 
comparison schemes is given in Chapter (5)*

The summation transformer! as a means of providing single phase 
output for feeder protection! suffers from ”blind spots" and a brief 
analysis for the summation transformer under various conditions is; 
given also! in some detail! in Chapter (4)*

A large number of pilot-wire relaying sohemes use sequence 
currents or voltages derived from the power system* These quantities 
were generally produoed by conventional sequence networks driven 
from G*T*s* These segregating networks contained large and 
expensive ohokes and high rating resistances* Undue amounts of 
power are generally dissipated in these segregating networks*
Very little can be donef in faot9 to economise on cost or space 
when these networks are fed from conventional C«T*s and are 
required to operate insensitive relays*

(21)Ironleas-oore C.T*8, do not produoe sufficient output' '



to.operate heavy relays through sequence networks„ but where 
transistorised relaying oirouits are involved their output would 
be sufficient* Chapter (6) deals with the development of these 
networks for extracting relaying quantities*

From the foregoing requirements it is possible to list some 
of the desirable design and performance characteristics of the 
envisaged pilot-wire scheme*

(a) The soheme shall have a.small stable zone and wide tripping
zone* In general* a stability angle of £ 3<f to £ 45°
is almost ideal*

(b) Phase comparison should take place at current levels 
corresponding to maximum through faults* as well as for 
ourrents in the load range*

(o) Sequence segregating networks driven from ironless-core 
C*T*s would provide, the relaying quantities*

(d) Transistorised oirouits to perform logical and relaying 
functions*

(e) Starting elements are desirable to eliminate inoorreot
comparison due to the shunt admittance of the proteoted
section or pilot oirouit failures*

(f) The soheme characteristics would be completely independent 
of the pilot-ciroultf if possible*



2*4 General Principles of Operation
In order to develop a soheme to comply with the charaoteristio 

requirements* mentioned in the previous section* some basic 
principles are put forward*

Preliminary investigations were carried-out to exploit the 
different possible ways for achieving the required performance,
Many methods and different arrangements are investigated* but it 
is deoided to adopt only those simple, cheap, and uncomplicated 
ones*

Simplicity and economy are the two major faotors which 
influenced the design and development of the soheme*

The basic general principles of the soheme are briefly stated 
as followss-

(a) Deriving a single relaying quantity from the 3-phase system 
at each end of the proteoted seotion* This output should 
have a sufficient magnitude under load and all types of 
fault ooourring on the power system*

(b) Simultaneous transfer of information* between the two ends 
of the protected section* over the pilot circuit as a link*

(c) Compensation for the attenuation and phase shift introduced 
by the oharaoteristio of the pilot-oirouit*

(d) Comparison to be oarried locally at each end by transistorised 
oirouits suitable to perform any logic and/or relaying functions*



2*4*1 Preliminary Investigations
The result of many preliminary investigations have influenced 

to some extent the operating principles of the scheme* It is* 
however* convenient to state briefly at this stage some of these 
results before explaining the overall principle of operation of the 
scheme *

A great deal of thought and investigations were carried out 
to determine the voltage wave shape to be impressed on the pilot- 
oirouit* Simulated pilot-circuits are used (Chapter 7), and since 
the scheme to be adopted is mainly of a phase comparison nature* 
a square wave voltage is the best suitable to apply from transis­
torised circuits and its recovery at the far end is comparatively 
easy* Troubles were experienced with half-rectified sine waves* 
and with sine wave at very small voltages due to attenuation* 
interference* piok-up —  etc*

At very small voltage levels as those experienced with the 
output of ironless-oore C.T#s# it is ideal to drive a transistor 
(as a switch) with a small input* or a saturated amplifier* thus 
giving a voltage output depending only on its oolleotor voltage 
supply* Using the transistor as a squaring element introduces 
some inherent problems associated with it* These are dealt with 
in detail in Chapter (8)*

For a phase comparison scheme the effect of error due to 
attenuation is minimised by squaring the waveform for any



amplitude greater than some value helow the minimum signal level* 
i*e* the square wave gives a fixed interval in comparison with a 
variable interval in case of sinusoidal wave*

This lines up with the fact that most present pilot wire sohemes 
use some sort of voltage limiters and therefore the pilot voltage is 
no longer sinusoidal over most of its working range* Moreover* most 
of these limiters have by no means perfect voltage limiting 
characteristics* The introduction of a square wave voltage over 
the pilot circuit is therefore not unfamiliar to pilot wire protection 
schemes*

To achieve the aim of a scheme with characteristics independent 
of the pilot wire circuit* the question of sending tripping power over 
the pilot was investigated* One of the major limitations for pilot- 
wire differential protection is to send enough power over long 
pilot circuits* as explained earlier* to operate the differential 
relay* This may be overcome by amplification and sensitive relay 
elements* however* the scheme characteristic would still be 
dependant on the pilot-eirouit* Another method lias therefore to 
be selected to provide the tripping power in order that the scheme 
would be independent of the pilot-circuit* The most suitable 
alternative is the provision of the tripping power from local 
auxiliary supplies*

In such a ease the pilot circuit would then act only as a 
communication channel between the 2 ends of the protected section*



By approaching the problem from this view point* the pilot length 
may therefore be considerably increased*

Auxiliary supplies* for providing the tripping power* as well 
as the power supply for the static transistorised relaying circuitry 
may on one hand introduce some complications* On the other hand* 
the frequent maintenance attention required for electro-mechanical 
relays is no more necessary* or it is greatly reduced* in case 
of static relays*

2*4*2 Overall Operating Principles
In view of the previous discussion* the basic overall operating 

principles of the scheme were concluded. It is simpler to design 
and study the equipment on the basis of a functional block diagram 
showing only the functional relationships of groups of oirouit 
components* For a complete detailed understanding of the equipment 
this diagram will be subdivided into a number of main stages 
according to their functions and a detailed description of the 
design of each stage is given in Chapter (s).

Fig. (2*1) illustrates the equipment at one end of the 
protected section*

The three phase outputs (V̂ * Vb and Vq) of the ironless core 
C.T.s (h.C.s) are fed to segregating networks which produce three 
output voltages proportional to the zero sequence* the positive 
sequence component* and the third one is proportional to the sum
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of the negative and the positive sequence components of the primary 
,currents* The magnitude and phase of this third output are the 
main information signals upon which the relaying circuits perform 
their functions* It will he shown in Chapter (5) that such a 
relaying quantity will provide adequate representation of the fault 
current under most primary system fault conditions*

The other two output signals are fed each in turn to a fault 
detecting (starting) circuit» whioh responds to the amplitude of 
the input signal and give a step output when the amplitude reaches 
a predetermined level* The stepped outputs of the two fault 
detecting (starting) circuits (i) and (2) are gated (OR) to control 
the coincidence oirouit.

The main relaying signal is fed to a squaring oirouit whioh 
produoes three square-wave voltage outputs, two of whioh are fed to 
the differential bridge oirouit resulting in a square-wave to be 
transmitted to the pilot-oircuit, while the other output is fed to 
the phase-shifting circuit*

The phase shifting oirouit produces a square-wave output 
lagging its input by a certain angle equal to pilot oirouit phase 
shift* This is fed to the coincidence/phase comparator oirouit 
in order to be compared with another square-wave derived from a 
received signal transmitted from the remote end over the pilot 
oirouit* Before this reoeived signal is applied to the phase 
comparatorf it passes through a receiving/reshaping oirouit,



It restores to the received signal its square-wave shape* to compensate 
for the attenuation the signal has undergone over the pilot-oirouit*

The phase-oomparator produces an output, depending on the 
phase difference between its inputs, whioh is fed to the tripping 
relay circuit provided that the fault detector signal has been 
previously received*

The tripping relay circuit causes the relay oontaot to close 
when the pulse width (in degrees) from the phase comparator has a 
certain predetermined value* The relay contacts provide the 
tripping signal to the G0B* In fact a train of pulses 560° apart 
will be given to the relay until the C*B* opens0

$

The discrimination between internal and external faults is* 
therefore, provided by the fact that, for external faults the two 
square-wave outputs representing the ourrent at the two ends of 
the protected section, will be of opposite polarity and therefore 
no pulse is given to the tripping oirouit from the phase comparator* 
However, if the fault is internal the two squarê waves are of the. 
same polarity, and provided that the signal from the starting 
oirouit is present, then a pulse (of 180° width) is given to the 
tripping oirouit every cycle, until the C*B* dears the fault*
The two terminal equipments will tend then to trip simultaneously*

The fault detectors, whioh respond to the magnitude of the 
positive and zero sequenoe components of the fault ourrent, are 
used to supervise the operation of the comparison soheme and to



avoid incorrect trip p in g  under p ilo t fa ilu re s  as w e ll as to  elim inate  

incorrect comparison due to shunt admittance o f the protected  

section,

2 ,5  Fhase-Comparison Scheme C ircu its

In  the la s t section the o ve ra ll p rin c ip les  o f operation o f the 

soheme have been discussed and in  th is  section some fu nctio nal d e ta il 

o f each stage is  explained to give a broader understanding of the 

soheme.

The design d e ta ils  of the tran s is to rised  re lay in g  o iro u its  are  

given in  Chapter (8 ) and th a t o f the segregating networks in  

Chapter ( 6 ) ,

2,5*1 Fau lt Deteoting (S ta rtin g ) O irou its  

The soheme contains two fa u lt detecting o irc u lts , F ig , ( 2 ,1 ) ,  

whioh are id e n tic a l in  fu n ctio n . They produoe a step voltage  

output, when e ith er o f the magnitude o f the p o s itive  or sero- 

sequenoe component o f the fa u lt  ourrent reaches a predetermined 

le v e l. These two outputs are fed to a gate (OR) whioh controls the 

phase comparator o iro u it and affeots trip p in g  i f  necessary.

The functional diagram o f the d iffe re n t stages o f th is  

o iro u it is  shown fo r one fa u lt  detecting arrangement in  F ig , (2 ,2 ) *  

Three voltage inputs Va» Vb and 70 , proportional to the 

primary ourrent are fed from the ironicss-oore C,T,s (L,C,s) to
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a zero sequence segregating circuit which produces an output voltage 
proportional to the zero sequence component X0 of the primary 
currents«

The output voltage of the segregating network is amplified 
linearly in a one stage transistor amplifier* In fact, the design 
details were such that no voltage limiters are required, unlike 
conventional schemes, before the amplifier input*

The ironless-core C*T*s produce a voltage output of 10 v/KA 
primary current and according to the design of the segregating 
circuits, section (6*7*4) 9 a voltage of 10 V would appear on the 
amplifier input at a fault level of about 50 KA. for a single 
phase/earth fault* However, such a voltage would drive the 
amplifier to operate between cutoff and fully bottomed, thus 
producing a square-wave output without causing any further over­
voltage hazards to the circuit components*'

The amplified a«c» signal is then rectified for magnitude 
measurement by the fault level detector* The pick-up level detector 
is made variable and can be calibrated in terms of the primary zero 
sequenoe ourrent I0* The step output of the level detector is 
applied to an output stage (invertor) whioh gives a zero voltage 
output when the zero sequence ourrent reaches a threshold value 
corresponding to level detector pick-up setting* If the current 
is below this level, the output stage level is at a oertain 
negative value* The two output stages for the two fault detecting
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circuits are combined in an arrangement of an (OR) gate0 The . 
output of which will be normally negative# When one of the fault 
detectors picks-up* then it changes to zero level in a step waveform 
which acts in turn as a control **let go*1 signal for the phase 
comparator circuit#

In special circumstances* eeg* pilot failure and local signal 
failure9 the output of the fault detectors effects a tripping pulse 
to the relay circuit#

2*5*2 Square-wave generating circuit
The function of this circuit is to act as a square-wave generator 

having unity mark/space 0 An input voltage* the relaying quantity* 
signal derived from the segregating networks is applied to the 
square-wave generator whioh is followed by a unity mark/space control 
circuit* The squaring circuit has an output stage followed by an 
emitter follower where three square-wave outputs are
produced*

The functional diagram of the different stages of this oircuit 
is shown in Fig*(2*2B)*

Three voltages Va* V*̂ and V0 * are applied to two segregating 
networks producing output voltages proportional to the positive 
and the. negative sequence components of the primary currents* These 
two outputs are combined* to form a relaying quantity* and applied 
to a D*C* transistor amplifier characterised by a very low input

f



impedance* section (8*2), The input ourrent to the amplifier is 
therefore also proportional to the relaying quantity#

This single stage amplifier allows the current to flow only 
on one half cycle* thus converting the A*C* into unidirectional half 
cycle pulses* This amplifier operates between cutoff and saturation 
on very low magnitude input excursions* so that the output is a 
unidirectional square-wave* Bias control on the input of the 
amplifier allows to obtain a square-wave output of equal half 
periods* i*e# unity mark/space*

In this case also* no voltage limiting devices are required to 
be applied to the output of the segregating networks# In fact in 
order to reach the rated ourrent of the amplifier* and for an earth 
fault case* the ourrent in the primary circuit of the ironless-core 
C#T#s* used here, should be of the order of 30 - 50 K#A# The 
inherent nature of circuit eliminates the possibility of damage 
by overvoltages#

The square-wave output of the first amplifier is further 
amplified in a pulse amplifier having a very high gain in order to" 
produce a rather sharp steep-sided wave output# As the mark/spaoe
ratio of the square wave is essential for the sensitivity of any

>- * 1 phase comparison soheme* another circuit may be Included to
control the mark/space ratio# This oirouit is oomposed of a level
detector with a variable input bias to adjust the "M/s" ratio#
It is followed by an output stage which produoes a square-wave* (



5 9,

output having a magnitude from aero level to the power supply 
voltage6 This technique has proved not to he very essential as 
the output voltage wave shape of the two first amplifiers is 
satisfactory for all practical applications, section (8*2 and ?)*

The last stages of this square wave generating circuit is an 
invertor/emitter follower (E0F*), in order to reduce the loading 
effect of the following stages* Three square-wave outputs of unity 
♦*H/S» and of the same polarity as the relaying quantity are produced, 
two of which are fed to the differential bridge circuit and the third 
one is fed to the phase shifting oirouit*

2*5*5 Differential Bridge Circuit
It has been established earlier in this chapter that the principle 

of"the soheme involves the simultaneous transmission of signals from 
one end of the protected section to the other over the pilot-cirouit* 
This is accomplished by the differential bridge oirouit arrangement, 
which directs the local square-wave towards the pilots circuit*

Fig. (2.5) shows schematically the arrangement of the oirouit.
The two square wave outputs from the squaring circuits are 

applied, after one being inverted, with different polarities to an 
amplifier employing two transistors in a push-pull configuration*

This push-pull stage enables to double the voltage magnitude 
of the square-wave to twioe the available power supply voltage on 
the output bridge transformer*
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The differential bridge arrangement also avoids the return of 
the local square wave signal to the receiving circuit connected 
at point Figo (203)* This has been achieved by the arrangement 
shown which comprises the balancing (compensating) impedance Z0 , 
so that the voltage due to the local end signal appearing at point 
m is practically nil0 Further details of the performance of this 
circuit are given in section (8.8)* The output bridge and the 
pilot, line insulating transformersare designed as pulse trans­
formers to produce the square wave faithfully on their secondary 
circuitso

The power for the push-pull stage could be drawn from a separate 
supply different from that of the relaying circuits* This adds 
the flexibility of decidingp with the transformers ratios, on the 
magnitude of the square«wave to be impressed on the pilot-cirouit.

2.54 Ooiucidence/Phase Comparator Circuit
The coincidence/phase comparator is the main logic circuit 

in this relaying soheme. It is composed of a coincidence, stage 
controlled by the fault detector output* Three inputs are fed to 
the coincidence stage*

The functional diagram of the gating , arrangement is shown 
in Wig, (2 .3B). It comprises a "HOI" gate and a comparator stage-.

Input (t) is the output of the fault detectors and normally 
produce zero output from the comparator irrespective of inputs



(2) and (3)0 When the comparator is made operative, by the application 
of the input signal to the (NOT) gate, then its output depends on the 
phase coincidence of the two square wave inputs (2) and (3)* When 
both signals are of opposite polarity, no comparator output is 
produced* Any departure by angle §° between inputs (2) and (3)» 
from the antiphase position, would produce an output pulse having a 
width equal to Q°* The output pulse is applied in turn to the 
tripping relay circuit*

Inputs (2) and (3)17 to the comparator circuit, are the remote 
end square wave, received over the pilot, and the phase shifted 
(delayed) local square wave*

2*5o4-1 Trinoing Relay Circuit
The tripping relay circuit consists of a pulse amplifier driving 

a sensitive relay* The input from the comparator to the tripping 
circuit is in the form of a train of pulses 360° apart* The width 
of the pulse may vary theoretically from 0° in the case of external 
fault to 180° for internal faults*

These pulses, as input to the amplifier stage, cause the 
trip relay contaots to close* This tripping stage is the final 
arrangement before the circuit breaker (C*B*) trip oirouit#

Due to the faot that the auxiliary relay tripping ourrent 
appears as pulses 360° apart, the tripping rate depends on the 
instant of ocourrenoe of the fault, but it will trip always in
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about one cycle, provided that the pulse width exceeds the 
minimum required for the relay to trip.

2*5*5 Phase Shifting Network
The function of this circuit, as mentioned earlier in seotion 

(2*4) 9 is to produce an output voltage wave, either a sinusoidal or 
a square-wave, lagging the input by a certain angle (delay)*
Pig* (2*t ) shows that the input to this circuit is provided from 
the squaring circuit* In fact many alternatives for the nature of 
this circuit and its input have been investigated, seotion (8*5)» 
and finally two arrangements are developed for this purpose*

The functional arrangement of the first circuit is shown in 
Pig* (2*4A)* It oomprises of delay oirouits and two amplifying 
stages* Since using an amplifier would mean a phase reversal for 
the input signal, therefore a second amplifier (as invertor) is 
needed to correct the polarity of the output* Advantage of this 
is taken by sharing the total phase shift required on the two delay 
oircuits* One of these oirouits is made adjustable to provide 
a variable delay over a oertain range, and the second amplifier 
would provide a oontrol over the mark to space ratio of the square- 
wave output*

The seoond arrangement, which is a general oirouit to be 
employed in conjunction with any practical pilot oirouit, and to 
provide a square-wave output of unity MM/s% lagging the input by
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'any'-angle ranging between (0° %/2)> The circuit arrangement 1b
shown in Pig* (2*4B)o The fundamental principle of the function 
of this circuit can he explained in the following manners- 
The integrating stage output is in the fora of a triangular wave, 
since its input is a square wave t having the same period as the input 
when taken in the form of a symmetrical A*C* signal* The level 
detector, has an adjustable pick-up level and it produces a step 
output whenever the input reaches the pick-up level and drops off 
when it passes, (going less negative), its drop-off level* The 
output is, therefore0 in the form of a rectangular wave as shown’ in 
Pig* (2*4B)e The differentiating circuit produces positive and 
negative pulses at the points of sign change of the rectangular 
input wave* each consecutive positive or negative pulses are (2 15) 
apart* The rejecting circuit eliminates the negative pulses leaving 
the positive ones to trigger the monostable which has a fixed unstable 
duration time of 10 m*s* This results in producing a square wave 
of a unity "H/S". It can be seen also that by changing the setting 
of the pick-up level of the level detector the monostable output 
lagging (delayed) angle can vary between (0°-*V2)* However, the 
behaviour of this circuit is mentioned again in section (8*6), and 
suoh circuits would produce an error in the ratio of the
output wave, due to any primary system frequency deviation.
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2,5o6 Receiving/Reshaping Circuit
The function of this circuit is to recover and restore the 

square-wave from the remote end which has been transmitted over 
the pilot-circuit*

In other words this circuit compensates for the signal 
attenuation over the pilot-circuit*

It is composed of an amplifier of two stagesp with ̂ M/s*1 
adjustmentp to restore the steep fronts of the received signal from 
the differential bridge circuit© The output square wave of the 
receiving circuit is then applied to the coincidence circuit to be 
compared with the output of the phase shifting network*

The first stage amplifies the signal and controls the 
ratiop while the second stage which Is acting as pulse-switch produces 
a square wave signal with the same polarity as the received input*
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CHAPTER 3

IRONLESS CORE CPBREHT TRANSFORMERS 
OR LINEAR COUPLERS

3*1 Introduction
In certain applicationsp in protective gear* iron-cored ourrent

transformers Mve reached the limits for further development* These
applications are mainly those in which high relaying speeds and/or
very high primary currents are involved* Ironless-oore current
transformers (air-cored toroids), or linear couplers as they are
generally called in protection* can operate satisfactorily in such
conditions* It is for these reasons that they have been investigated
in the Power Systems Laboratory of the Manchester College of Soienoe 

(21)(26)and Technology' i v and have been chosen to be incorporated with
the soheme developed here*

Their use is not* however* confined to extreme conditions; 
they can be used* with an advantage, in a wide range of protective 
gear applications*

Ironless-core C«Ts (linear couplers) usually take the form of 
a toroidal winding similar to that of a conventional ourrent 
transformer, but are wound on a non-magnetio core* They are 
usually constructed for operation from a primary bar, which is the 
normal practice for systems with high.short-ourrent levels, but 
a wound primary could be provided if necessary*
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The absence of the iron core in a C0T., causes the mutual ' 
inductance m * between the secondary winding and the primary 
circuit* particularly with bar primary circuit, to be rather low. 
This leads also to the consequence that ironless core C„T*s have 
two major advantages over the iron-cored ones

(i) Under normal steady state conditions* the open- 
oircuit voltage in the secondary circuit is jwm Ip* where Ipit
is the primary current* The mutual inductance nmfl is a function 
only of the geometrical shape of the winding, and does not vary 
with the primary current. The secondary voltage is therefore a 
perfectly linear function of the primary current even at the 
highest values encountered, unlike air gap conventional C.T.s, 
where linearity is over a range not exceeding 10 KA.

(ii) The instantaneous secondary voltage, under transient 
conditions is m( P/dt), where Ip is the instantaneous value 
of the primary current? therefore, if the waveform of the primary 
current contains any exponentially decaying unidirectional 
components, as it generally does under fault conditions, these 
components will be decreased in the secondary voltage waveform 
with respect to the sinusoidal components if their time constant 
is large. High speed relay operation is generally limited by the 
presence of these unidirectional components in the fault current 
waveform, so that their reduction by linear couplers can be used 
as a basis for much faster protective relays.
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3*2 Factors Governing the Application of Ironless-Core CoT̂ s 
(Linear Couplers)

3*2*1 Power Output
Xt is clear that the power available from an ironless-core C*T. 

is much less than that from a conventional one* This has been so
far the principle limitation for the use of ironless-core C.T*s inA/Ufull replacement for conventional ones* Witĥ advent of low 
burden relays* including completely transistorised schemes* low 
output has become no longer a major disadvantage for most applications* 

Xt is convenient* however* to specify the output of an ironless- 
core G*T0 power in terms of the apparent short circuit power* 
i*e* the magnitude of the short circuit ourrent multiplied by 
the magnitude of open-circuit voltage* at one K*A« (say)* primary 
current in each case* Approximately one quarter of this apparent 
short circuit power will be available to a matched burden*

3*2*2 Considerations Governing Power Output 
The output power from an ironless-core G*T« is  determined 'mainly 

be the following considerations*
(a) The available space: Like conventional Q*T*s* they must be

made to fit into switchgear chambers* The swltchgear designer 
generally stipulates the maximum external diameter* the minimum 
Internal diameter and the axial length*



(b) The core size for a given overall external dimensions$ 
determines the actual power output*

(c) The winding space factors This modifies the optimum core size 
to a small extent* but generally for medium wire gauges* this factor 
is in the order of 0*6*

3«2#3 Stability
It is well known that* the stability of protective gear under 

through fault conditions depends on the accuraoy of the current 
transducers* In the case of ironless-core C*T*s the quantity which 
should be controlled is the mutual inductance and this* in general* 
can be wound to an accuraoy of about one per cent* representing 
a stability ratio of 100 in a voltage summation scheme as 
discussed in Chapter (4).

Uniformly wound toroids are unaffected by stray fields in 
planes perpendicular to the bar primary axis* other than those due 
to the ampere-turns actually passing through the centre opening*
They are therefore independent of the primary position* and return 
circuits in parallel configuration# Small stray effects may arise 
from fields having a component parallel to the axis and interlinking 
the coll since from this point of view each layer constitutes one 
turn linking such a field# These strays may be eliminated* if 
neoessary* by reversing the progression of winding every one or 
two layers#



3*4 Transient Behaviour of Iron and Ironleps-Core O.T.s
i ' 'i ]

3*4o1 Primary Current Equation
Power distribution networks are usually highly reactive. High

voltage networks may have a reactance to resistance ratio of more
than twenty to one* As a result* fault currents are usually
accompanied by exponential transient currents* which are presented
to any current transducers in the clrouit. These types of
transient currents cause a considerable difficulty in the design

(13)of iron-cored C.T.s and their associated relay circuits •
Fig# (3*1) shows an equivalent circuit of a power system referred 
to the secondary side of a current transformer. The ooourrenoe 
of a fault on the system is represented by closing the switch 
tfSM at the instant t « 0 * i.e. when the applied voltage is 
E sin jtf. The ourrent which will subsequently flow is given by 
the equation

L ~  + Ri o E sin (wt + 0) (3.1)

hence X = -l-^fsin (cot + f5 - ©) - sin(jz! - ©)e I 25 f
(3.2)

where 121 « (Ra + wzL2)
Q = aro tan »

and JZS * angle at which the fault ooours.
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Eqn* (3*2) implies that under the worst possible conditions* the 
magnitude of the transient term can be equal to the peak value of 
the alternating current component*

3*4*2 Transient Flux of Iron-Cored Current Transformers 
It is important to investigate the effect of the ourrent wave 

of eqn* (3*2) on the flux in the iron oore of the current transformer* 
The analysis given here is rather brief* and only considers the 
effect in an ideal,C0T* working with the severest possible practioal 
burden conditions9 i*e* with a resistive burden*

Fig* (3«2)p shows the simplified equivalent circuit for flux 
calculation* the secondary voltage iss»

Vs = I * Eb (3.3)
Now the flux in the core of a ourrent transformer*

considered to be ideal and having N turns* is given by
t

(3.4)
0

Substituting eqns* (3*2) and (3*3) in (3*4) it follows:-

where K is the Integration constant*
Two extreme oases may now be considered;
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(i) When sin ()Z$ - ©) = 0, i.e. fi - 9 = 0
Substituting this in eqn* (3*5), then

(3.6)

It should be noted that this condition if substituted in eqn.
(3,2)0 then the primary ourrent contains no transient term.
Nevertheless, the flux wave has a component, due to the transient* equal 
in magnitude to the peak of the alternating flux# This phenomena 
is known as flux doubling effect,

(ii) When sin (jtf * 1P i.e. « Q-s &

Substituting in eqn. (3*5), it follows:-

This condition gives the maximum transient in the primary ourrent 
wave# The transient flux in the iron-core of the G.T. rises

value. In view of the fact, mentioned in section (3.1)t that 
WV& may be equal to or greater than 20, this simply means that 
in designing conventional G.T.s a very large flux margin must 
be allowed. As an example, if linear operation up to ten times 
full load has to be permitted, a margin of 200 or more must be 
allowed on the full load peak alternating flux. This is olearly

(3.7)

exponentially to a value W"/R times the peak of the alternating
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an impossible margin or rather an impractical one. In practice 
the transient flux to be expected will be somewhat less than that 
given by eqn, (5.7).

It is clear from eqn, (5.5) that with a purely inductive burden, 
transient flux components are much reduced,

5*4.5 Time taken to reach Saturation
From eqn, (5.7) is is apparent that shortly after the inoeption 

of a fault-current containing a transient unidirectional component, 
the current transformer core will saturate. As the build-up of the 
flux is exponential there will, however, be an initial time interval 
in. which the current transformer will function normally. If this 
time interval is sufficiently large to permit the operation of the 
protective gear, then high speed protection is possibles if it is 
not, then a delay in the operation of the protection has to occur 
until the current transformer core desaturates (or comes out of 
saturation). Such a delay may be of the order of 10 oyoles or more.

The actual time may be calculated from eqn. (5#?), but the 
analysis would be tedious. An approximate time can be derived 
by assuming that the exponential term rises linearly with its
initial slope,

/ n HbSIn eqn, (5*7), the term 1111111 1 is the peak value of the
fz 1

steady-state alternating secondary voltage Vs . Substituting 
this in eqn, (5,7) and differentiating, the linearised transient
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flux la

$5' “ I** ••••• (3.8)

Nov V8 may be expressed as a fraction of the alternating 
saturation voltage* so one may write:-

2 * f  Ny . -------« K

where ^ 8 » saturation flux*

and K w ratio between the steady state saturation
alternating voltage and VB*

Substituting from eqn* (3*8) then:-

# .
. &2wf N. t

Hence t ■ 2xf

KN
  (3.9)

The number of cyoles wnw f which elapse before reaching 
saturation is* therefore*

a - t . f - S-   (3.10)2R

This last eqn* (3.1o) indicates that one oycle of the 
alternating current oan be transformed faithfully only if the 
ratio between saturation flux and peak steady alternating flux 
is about six to one* Eqn* (3.10) is pessimistic* and is also



for the worst possible transient conditions; as such it is 
considered a reasonably safe criterion of practical design#

It follows thatp in order to economise on conventional 
current transformer size, very high speed protective gear is 
essential. If operation 3ms for example to take place in the
period of two cycles , then the flux ratio K must be about 
twelve#

3#5 Transient Response of tronless-Gore C.T.s or Linear Couplers 
Considering the case of a current as given by eqn. (3#2) 

with 100$ unidirectional component, i#e. sin {$ - ©)=» 1 , to be
applied to. the primary bar of an ironless core C#T#, thens-

Ip ■ oostot-e"17   (3.11)
r  12 f

where Ip is the primary fault current,
R and L are components of primary impedance Z
E is the system primary peak voltage#

If this current transducer has a mutual inductance "m” 
with the primary oonductor, then the secondary induced voltage 
VB will be given by

d I
(3.12)



Thus the secondary transient voltage term is reduced by the 
reactance to resistance ratio, or the Q factor, of the primary 
circuit impedanceo In section (3*4*2) it has been shown that 
iron-cored current transformers meet increasing difficulties when 
the nQ” factor of the primary circuit is large, while ironless- 
core current transducers are relatively not influenced by it#

Generally speaking, when the Q factor is low, the transients 
produced are short in duration, and have no effect beyond a 
fraction of the first cycle. On the other hand, when the Q 
factor is large, the amplitude of the transient is reduced by the 
ironless-core current transducer and causes little error. For 
instant, if the Q factor is 30, the time constant of the 
transient is 95 b u s ., or 4*75 cycles, and its amplitude is 
reduced to 3*3$ of the peak of the alternating quantity. The 
secondary voltage is, therefore, offset by 3*3$ when the primary 
current is containing a 100$ unidirectional component, i.e. 
fully offset. Any error which may oocur in the pick-up, or any 
time delay in operation due to the transient Gannot exceed 3*3$* 
and will generally be less. It may, therefore, be ooncluded that 
linear couplers are, for all practical applications, free from 
transient errors.



3*6 The Effect of Fault-Current Asymmetry on Phase Displacement
In the developed phase-comparison scheme the sensitivity of 

phase displacement between the two end currents of the
*4* Oprotected section is limited to a minimum stability angle - a ,

•fr* oi.e. a fault causing a phase displacement less than - cc , 
(measured from the anti-phase position) would not cause any 
tripping.

The presence of a unidirectional transient pomponent in the 
fault current, at any of the two ends, will tend to modify the 
stability angle of the scheme.

In fact the presence of a unidirectional component reduces 
the duration of the square-wave on one half cycle and increases 
it on the other half, resulting in a deviation from a unity mark 
to space ratio.

The most extreme unfavourable case, for this scheme, is 
that of an internal fault with a negative unidirectional offset 
at both ends* Fig. (3*3A), represents the current waves for 
such a case. It is assumed that the remote end ourrent leads 
the 180° out of phase position by an angle ot°. The tripping 
relay current in the absence of unidirectional component will 
be a train of pulses each of a duration a and 360° apart, as 
shown in Fig.(3#3B).

From Fig.(3*3C) it can be seen that the first positive 
half cycle of the looal end ourrent is reduced by an angle



LOCAL

(A)

r rt

(C)

(A) Local and Remote 
End Currents

(B) Tripping Relay 
Current

(C) Asymmetrical 
Local and Remote 
End Currents

(D) Tripping Relay

(D)

RIG. (5»5) EERECT OR UNIDIRECTIONAL COMPONENTS
ON STABILITY ANGLE.



( + V ) and the first negative half cycle of the remote end is
increased by an angle (p +X)° second cycle the reduction
and increase will be (^f + ^*) and (p® + ^ 0  respectively*

The result is that the tripping relay current pulse,
Rig* (3*3D)» is reduced by an angle ( 'ft® + p®) and consequently 
the instantaneous angle of stability is increased by the same 
amount# In Pig. (3*3̂ ) the magnitude of the offset oomponent 
is large enough that the first tripping relay pulse disappears 
as ( 'ft* p)° are bigger than a0# This has been done so for the 
sake of illustration only#

The reduction in the tripping relay pulse disappears in 
proportion to the rate of damping of the unidirectional components 
themselves*

The risk remains nevertheless that such phenomena would 
oause appreciable delay in tripping if such schemes were associated 
with iron-cored conventional O.Ts# Fast schemes, as the one 
envisaged, designed to operate within 2 cycles would, therefore, 
definitely suffer from delay#

However, the use of ironless-core ourrent transducers would 
reduce the magnitude of unidirectional transient component on 
praotioal systems to less than 5$ and therefore, the risk of 
qny delay or stability angle reduction would be praotically 
negligible if tripping has to occur within 2 cycles#

This arrangement has totally eliminated the need for



complicated and expensive d#c. filter networks which are 
generally associated with schemes using conventional C.T.



CHAPTER 4

RELAYINS QUANTITIES FOR DIFFERENTIAL 

FEEDER PROTECTION

4.1. Introduction
The principle of comparing input and output currents is well 

established in the protection of feeders. The quantities at each 
end of the protected section may be compared in either magnitude 
or phase, or a combination of both. This could be carried out for 
each phase individually thereby introducing a great deal of 
complexity in the protective gear, such schemes have been 
abandoned on the grounds that they are complex and uneconomical*
In general, differential feeder protection uses a single relaying 
quantity at each end of the proteoted section* To achieve this 
some device is necessary which will combine the currents of all 
three phases. This may be done by means of:-

(a) a summation transformer, associated with conventional 
phase-current transformers,

Cb> or its equivalent connection for ironless-core 
C.Ts(linear couplers), shown in Fig* (4.6).

(c) by the use of a .jepĵ iiaatî p'qf symmetrical phase
sequence components derived from segregating

■ „ ! 1 ̂ : ■ -. networks*.
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A detailed analysis of the outputs.of the summation 
transformer and various combinations of phase sequenoe currents 
under different single shunt faults has been made by Adamson and 
Valkhan̂

A critical review of the summation transformer and its 
equivalent connection with linear couplers is discussed in this 
chapter.

She single relaying quantities for feeder protection have 
some specific functions to perform in a relaying scheme as a 
wholef and in particular for a phase-comparison scheme as the 
one under discussion*

4*2* MftyJLaft .SttftiriltaBB to  PhflBB-Pgapartflap

gghtflBB
She relaying-quantities, derived from a system under fault 

conditions, h&ve two main functions in the envisaged phase- 
comparison scheme, described in this workt-

(i) The magnitude of the relaying quantity should represent 
and give indication of the occurrence of a fault. The fault 
indicating quantity is usually fed to fault detecting elements, 
generally known as the starting elements. The output of these 
starting elements would render the protection scheme ready to 
oarry out its funotion and under special cases may initiate 
tripping.
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(ii) The phase angle of the relaying quantity should 
represent faithfully the phase angle of the current under all 
fault conditions* This phase angle representing signal is 
transferred over a link (channel) to the remote end of the 
protected section where it is compared in phase with a similar 
relaying quantity representing the fault conditions at the local 
end* Proper compensation for phase shift due to the link, if
any, has to be carried out before comparison takes plaoe.

(6)Some schemesv ' use the same relaying quantity for both
(7)fault deteotion and for phase representation, while others ' 

use different relaying quantities* The decision affecting the ohoioe 
of the relaying quantities was taken on the basis of experience 
gained from difficulties arising from the applications to a 
particular system* In other words, the relaying quantities were 
decided upon for local circumstances, with the result of using 
different relaying quantities for the same scheme*

It lfas recently' 'yythat a particular combination has been 
favoured b,b a relaying quantity for feeders. It can be used for 
most faults which may 00cur on a transmission system*

4.2.1. Relaying Quantities Representing and Indicting 
Fault Conditions 

Relaying quantities, when expressed as a function of the 
fault current, depend mainly on the type of fault* Symmetrical 
three phase faults are sometimes detected in a manner different
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i'rom that for unsymmetricai ones* Three phase faults are generally 
associated with extremely high values of positive* sequence current 
and therefore higher relay settings are used to discriminate 
between faults and overloads.

In the case of unbalanced faults, however, the fault current 
may be resolved to its symmetrical component currents. These may 
include also the zero sequence component when the fault involves 
earth or in cases of series unbalance, e.g. an open conductor.
This last type of fault has attracted special attention in recent 
years as a result of practicing single phase switching on high-voltage 
systems in order to clear single phase to earth faults. The 
appearance of the negative sequence component current is common 
to all types 6f unbalanced faults whether they involve earth or 
not* This feature together with the fact that its magnitude is 
zero under normal balanced load conditions makes It suitable as a 
fault indicating and/or representing relaying quantity.v Fault 
detecting elements in some cases are made to respond' to the presence 
of the negative sequence component of fault current* When the 
amplitude of this component reaches a predetermined“level, the 
detecting elements respond instantaneously and holds so long as 
the fault persists.

The preset of the zero-sequence component of the "fault 
current, or its appearance, does indicate either a fault Involving 
ear|h or a series fault, and, therefore, is used also for fault 
detection.
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Low fault currents are generally encountered with single 
phase to earth faults and therefore the presence of the zero 
sequence component current is a favourable choice for the detection 
of these faults» The positive sequence component can also then 
be used to indicate and/or represent polyphase faults, not involving 
earth, where the current levbls are generally much greater than
the normal loads encountered on any system,

The choice of any two of the sequence components would be 
generally suitable as relaying quantities for fault indication 
but for phase-comparison schemes the phase angle of the fault 
representing relaying quantity has to be examined also before any 
definite choice is favoured,

4.2.2° Phase Angle Representation Under Different̂  Svstw 
Conditions

A relaying quantity, for phase-comparison protection schemesv
has to represent faithfully the current at each end' of the protected
section, either under normal loads or fault conditions.

It is clear that none of the sequence component currents 
alOtfe can represent the phase of the fault current; The positive- 
sequence component of the fault current cannot 'be used alone since 
the load current, whibh is totally positive sequences may mask it 
under maximum loading conditions when associated with'low fault 
currents* This may cause also failure to trip under"certain 
internal faults*



64«

The absence of negative sequence component, though it gives a 
correct phase representation without being affected by the load 
current, during symmetrical three phase faults is a drawback and 
therefore limits it§ choice alone*

The zero sequence component of the fault current depends on 
the different methods of neutral earthing and may even jridt be 
present at one end pf a protected line having an isolated

' V  *

transformer neutrals* Also its absence during three phase faults 
adds another limitation to its application as fault representing 
quantity*

In papers published^ ̂  the authors held the opinion that 
the optimum combination of phase-sequenee components for adequate 
representation of the fault current under all system fault 
conditions, is a combination of the negative and positive sequence 
components® The general form of the suggested relaying quantity 
Im, whicliis used to represent the fault current of ■ the- 3*pftase 
system both in magnitude and phase, is given bys»

Ia = MIaa + NIa1 r.... (4,1)

where I&1 and Iaa are the positive and negative phase sequence 
components of the ourrent in phase "A11 respectively, "M and Nrt 
are poefficients whibh may have a range of relative values®

A detailed analysis and investigation in the nature of this 
relaying quantity Im is given in the next ehapter*
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Another method used to obtain a single relaying quantity, from 
the 3-phaBe currents, is the well-known summation current transformer 
derived by 3 CoT#s one on each phase *

4.3. Summftt.Hnn Current Transformer (S.O.T.)
The summation current transformer is widely used for the 

derivation of a single relaying quantity for protective systems 
because of its inherent construction simplicity#

Xt is well-known that the summation transformer has its 
limitations# A critical study of these limitations is made here in 
this section# It is also known that certain "blind spots1* may 
occur, with the application of S.CoT.s for which a low output is 
obtained under internal fault conditions, particularly with 
resistance earthed systems#

The following examines its limits of application#

4*3.1. Summation Ourrent transformer Limitations 
A typical S.C,W. arrangement la shown in Fig. (4.1)t having

primary winding ratios of 1*1sn.
The output of the S#C#T# (lsTt) thus given in a matrix form

by:-

%T * + .*0 (l + *0

Ia*
1̂ (4.2)



(S.'C.T. )

y\j ■ (i)

f-*-
L.

A/E ■<*).
—

4 = - f i-

E

OA x (n + 2)(If + Ja )+C« + 0  Ift+nlc
END (1 )

B*0

OB = (n + 2)lA+(-n + i)I$+nIc.
. END (2)

MG.t.Jliil SUMMATION .c u r r e n t - t r a n s f o r m e r .
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/ ”3(l+n) (2 + a2) (a + 227
In"

I.
X24

(4.3)

where I05> I1 and I2 are the zero , positive and negative sequence 

components of the reference phase current Ia <>

Phase rotation given by "ABC”.

There are, however, certain well~knbwn,rblihd spots” with 

S.C.T.s in general and with their application for pilot wire 

protection in particular. A condition of phase■angle *comparison 

masked by load current is illustrated p in Fig. (4w1’)‘, for an earth 

fault on phase ”A" coincident with a heavy load current flowing 

through the feeder. If Ia , I^ and Ic are unity P.F**, load currents 

of phaseis ”A, B and C” respectively. The S.C.T*’ ampere-turns at 

the two ends of the feeder are drawn, (assuming n - 3)* giving 

outputs (OA) at the fault in feed end (1) and (OB) at the load 
end (2).

With the particular values shown for Ia and'jtfp it is seen that 

the outputs are almost in antiphase but differ in"magnitude.

”0Hfl being the angle of the fault current. A phases comparison pilot 

wire protection scheme, associated with S.C.T.s may "then fail to trip 

when used in conjunction with power systems having' resistive earthing 

for "limiting the single phase to earth fault currents It is, 

therefore, important that amplitude comparison should be 'applied up 

td'approximately twice the rated feeder load current In ouohv.oases.

Two conditions "for aero, or rather low, outputs from a S.O.T. 

are also illustrated in Fig. (4.2 A and B).
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A phase to phase fault as shown in Fig. (4 .2 A), on the Star
v

connected secondary of the transformer Would lead: to' a current 
distribution on the delta side of 2s1s1 oh phases B, C and A, 
respectively. With equal ab and be turns bn the S.C.T. primary, 
the secondary output will then be zero. Tĥ  simple S.C.T. is, 
therefore, not suitable for use on a transformer/feeder over all 
pilot-wire protection scheme„ A general case analysed in more 
detail for similar conditions is given in Section (4.3*3*)*

Another possible low output condition is under double 
phase to earth fault conditions on a system with resistance 
earthed neutral, as shown in Fig. (4.2 B). For a certain ratio of 
phase/earth fault current the S.C.T. output may be low. In 
Fig* (4*2 B), if it is assumed that Ic and Ig are in phase, then 
the S.C.T. primary amp.-turns is given bys-

Total A.ToS = £ Ig (Na + Nc) - Ic (Na - No) (4*4)

Then the condition for no output will bes-

For a typical S.G.T. having turzls ratios of 1:1 s3, the expressionI
in eqn (4*5) would give * 2 , a ratio that may well occur in 
practice.
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4o'3*2‘o Summation Current transformer Output under. Fault- 
Conditional

For the typical SoCoTo arrangement shown in Figc (4.1), 
the output "Iga?” is given by eqns (4 c 2 and 4*3)«

For balanced three phase input currents and I0, the
output

The effect of' an unbalanced inputs e0g. a fault oondition, 
will be considered by the use of symmetrical components as given 
in eqn (4*3)0

(a) Single phase to earth fault
The connection of the sequence networks for suoh a fault is 

Bhown in Flg0 (4»3)o Under this fault condition.

The vector relationships between the sequence., component 
currents are also shown in Figc (4*3)« For suchsa fault, the

IgT “ (2 + a2) ia 

Hence Igj » |/1T A»30°

_T ___ _
Z, 1 + ?K , ,

e b e * e (4*T)
where K

For phase ’̂"/earth fault, Ia * fault current

Hence Ia * Ip b 3 I0 » 3 y ̂  2% (4 .8 )
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output of SoC0To as given by eqn (4°3) will be 8-

%  = -JIq (2 + n) (4.9)

Substituting from eqn (4.7) for I0 therefore,

= 3 V  • T + 1 k  (8 + n) )

1 1st I / \ < (4 .10)hence |"jp ■ (n + 2) )

Similarly, and by reference to Fig* (4.3), it can be proved 
that the S0C0T0 output for a phase wBH/earth fault,

1ST “ I0 (3 + 3n) )
T I ..... (4.11)

hence | | = (n + 1) (*jp /

and for a phase MCtt/earth fault,

Igrp * I0 (3 + 3n) - 3I01 )
T I ..... (4.12)

hence | | ■ n ;F

(b) Phase to phase fault.
The connection of the sequence networks for a f a u l t ,  

not involving earth, is shown in Fig. (4.4 A). For -such fault’ 
conditionsit can be seen thats-

“ -1* ■ zfrx ■ 227 *•—  <4*13>
(assuming that Zi = Za)
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The vector relationships between the sequence component 
currentsare also illustrated in Fig0 (4^4 A), and assuming 
the fault current Ip » Ic«

Then
i0 = iP = ^  fi 1 i,i

“ -A fi 22” ..... (4 .14)

The output from the SoC*T0 for such a fatilt, ad given by 
eqn (4*3)Pwill bes-

1ST * 2(lai + Iaa) )
_ \ ..'.v. (4.15)

hence | rjjrjj*' f = 2 )

Similarly, it caii be shown that for phase HA*BM and■ 
faults thats-

| ^ | -  1 ..... (4.16)

(e) Three phase faults.
For this condition of fault the phase currents are equal, i.e

Ia = *b 55 *c " *F “ In where Xf « V/Zt.

Eqn* (403) for S„CoTo output will then gives-,,

Igj « (2 + aa) I, )
I Igm 1 /—  ) eeeee(4*17)and therefore = )



(d) Double phase to earth faults
For the tbree possible cases of fault, the SoCeT* output is::

rl0n
(i) Z"?( 1+n) (2+a«) (2+a)_7 for a R-C/earth fault

(ii) Z"3(Hn) (ffM)-7
r1*

for a C-A/earth fault

(iii) Z"3(l+n) (a+2a*) (2a+a2)_7
Ini

for a B-A/earth fault

These outputs are given for the conditions of a ttB-Gf,/earth fault 
applied to the various sections of the primary winding of the 
SoC'T*

Referring to Fig0(4*4 B), for a double phase to earth on 
a HB-CH/earth it can be seen that:-

lb **■ - 1— A S ' (1+2K)_7"   (4.18)

and

it 1+2K

!, ° 1+2K
z

C - \  + A . Y  (1+2K)_7   (4.19)

where £ =

Considering the fault current Ip = I^, then the output of 
S.GeTe for various faults iss-
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For £ wB-CM/earth fault 9
ps

*ST = - • 1^2K ̂ 2  + 3») + J T  (1+2K)-7....  (4.20)

Therefore
ŜT n̂ / \-f- * 1 +   — •..••■(4.21)
*  1 + j (1+2K) / y/3

for a HC«AH/earth fault.

Is® - - a" • ^~3(l+n) - d 1̂ 3 (1+2K)_7
’   (4.22)

hence = 2 (-1 + ---g| ) i.... (4.23)
' ' 1 F  1 +  j

Similarly, for a nB-Al,/earth fault,

Ast  ̂ 2(.1+n) t.
*7 ° 1 + V , 1+2K ...... (4*24) 

B

In considering the two extreme cases of* and
1 ̂STIZ0 - Ho, the magnitude |"JJp is given by the modulus of the 

above quantities substituting K w^k* for the chto of 2<> * Ho*
In a general oase, where the zero sequence * impedance is

composed of a resistive’as well as a reactive part,- the magnitude
1J-ST»of the relaying quantity is given by the modulus.\of1st
Ip

eqns (4.21, 23 and 24), substituting K by theexpression,

(k-dlc,)   (4.25)
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4.3.3c S.O.T. Performance in Phase Comparison Protection 
Schemes

A basic arrangement of a S,C,T, Is shown In Fig, (4*1)•
For a balanced three phase Input the output was shovn In
eqn, (4*6), to correspond to times the phase current and to be
lagging with the reference phase current Ia by 30°,

The effect of an unbalanced input, under fault conditions, 
has been considered, in the previous section, giving the S.C,T, 
outputs expressions by using symmetrical components,

Xn phase comparison schemes, for feeder protection and 
during an external fault, neglecting the capacitive charging 
currents, the outputs of the S,C,T«s at the two ends of the 
transmission line are equal in magnitude and of opposite phase.
On the occurrence of an internal fault the phase difference is 
reduced and should therefore cause -tripping•

For single phase to earth faults the phase relationship of 
the S,GfT,s outputs is a function of "n" and the ratios of the 
balanced to zero sequence current £*( It or Xa) / l 0 J at the tvo 
ends of the protected sections. It is an essential requirement 
that these considerations should not give rise to inoorreot 
outputs and consequently vrong operation. The expressions for 
S«C,T, outputs during the three single phase/earth fault conditions 
are derived in eqn&'(4»10, 4,11 and 4*12), Art investigation 
is required to determine a suitable value of wn", such that a 
correct output is always obtained under practical fault conditions.
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For an internal single phase/earth faults the output of the 
S.C.T. is given bys-

(a) For a phase "AM/earth fault*

s Zo (3n + 3) ■** 3^1 (4*26)

In order to obtain an output of a positive polarity then, 

l*(3n + 3) ^  -3Ia1

0r n ^  ^  “ 1   U.Vl)

Hence for all positive values of nnH the polarity is 
positive.

Considering the magnitude of the S.C.T. output, the minimum 
value of it should correspond to a 3 phase input of the per unit 
rated current Ir where |lgT| ** /3 |̂ h| eqn. (4.6). 

Therefore,
lo  + 3 ) + 31*1 ^  /S’ | I r |

or s. /3 “ 51a,n     _ t  (4<28)

(b) For a phase "B"/earth fault.
The S.C.T* output under this fault condition is given by 

eqn (4*11) namelyj-
« I0 (3n + 1)
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For an output of a positive polarity,

I0 (3n + 3) >  0

Therefore,

(4.29)
Eqn (4.29) which gives the output of S.C.T. does not contain

a positive sequence current component term, the aero sequence 
currents must therefore he present otherwise the output is aero 
for all values of "n"* The presence of the zero sequence current 
gives the correct polarity to the output for all positive values of

Considering the magnitude of the output, the minimum value of 
which should he equal to /3 l*al- ,

Thus I0 (3n + 3) j/3 |IR|

or (4.50)

(0) For a phase wCn/earth faults* 
Eqn (4*3) gives the output as,

ŜT ™ ^0 + 3n) 3 %qi
For an output of positive polarity therefore,

I0 (3n + 3) - 3IC1 ^  0
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Considering the minimum, output to be equal to VT|IrI « 
Therefore 9

I0 (3n + 3) - 3IC, ̂  ft |Ir|

^  01 - 1 ..... (4.32)

Fig* (4>5) shows the connection of the sequence networks for a 
phase/earth fault, of a transmission system with double current 
infeed•

It is assumed that, as in most practical cases, the positive 
sequence network and the negative sequence networks are identical* 
This assumption is justified for all equipment except rotating 
machinery* The vector diagrap of the sequence component current is 
also shown in Fig (4<>5)o

Considering eqns (4*50, 4®51» and 4«32) it is apparent that 
the phase "C'/earth fault condition is the one which determines a 
requirement of !?n%

1‘6* n > -1 or - 1  <♦•»>
A practical ratio of balanced to zero sequence infeed at the 

end of a long transmission line during a single phase to earth 
fault at one end, can be as high as 3°5» which is a typical value of 
132 K.V. double circuit lines* It can be shown from eqn (4*£t) that 
under such conditions a S*C*T* having ratios of 1s1s2 is prone to 
failure* This particular ratio was used in a manufacturer's scheme
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Positive “Sequence Network

,Jl I2=I2+Ie
»-VvVN  ’v\AA-  *AAA-*

Negative-Sequence Network

Zero-Sequence Network

«i<»i

F IS . ( 4 . 5 )  SINGLE PHASE/EARTH PAUL?. ON A TRANSMISSION LIN E
(With Double Infeed)
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known as "ContrapiBse** protection, A satisfactory turn ratios, would 
be, of at leapt 1:1 ;5*

Generally the infeed ratio of (Î /Iq » 3*5) would be for 
lines greater in length than 25 miles and therefore does not 
necessarily apply to shorter pilot-wire schemes,

For shorter lines the ratio of balanced to zero sequence 
current infeed would be considerably less than 3*50,

Eqn (4.32), which states the limit for the output of S,C,T# 
under phase ttC,*/earth fault and by substituting 3o5 for the ratio 
of gives

For a practical case where Ip * 500 A, I" was equal to about*. o
130 amperes (on a double circuit 132 K,V. system), and eqn (4*24) 
then gives

The case considered, with the fault being at one end of the 
line, was made to be & limiting case to illustrate the basic 
elements in the determination of the value of »,

In the above analysis no consideration has been given to 
the phase shift whioh is introduced between the zero sequence 
components I£ and I* , particularly of I£ of the remote end from 
the fault. However, these effects are quite small in such a case. 
This can be better seen by considering the difference in I* as

(4.34)

n 4.7 (4.35)



given by |l{ + IJ | and 1 + I"| p which was less than 5$, for
the practical case considered in the analysis.

From eqn (4o35)"the ratios 1 si 85 for S*CoTo would seem a 
reasonable minimum to operate with phase comparison schemes, thus 
avoiding the choice of unsuitable turn ratios which might result 
in having alBt)0 pha&e shift under certain internal fault conditions.
It is understood that the value of n = 5 would be satisfactory for
double phase/earth faults

It is now left to the art of the designer to arrange for the 
"blind spots" to fail outside the normal range of system fault 
conditions lJencouitfai,ed in practice, The designer should also 
check the suitability of the S,C0T0 turn ratios for his particular 
system in a similar maiiner to that described above»

4.4° Hsaar. Goublera Summation Arrangement to Provide Single 
Relaying Quantity
The other alternative of providing a single relaying quantity 

from a 3 phase system is by using linear coupler summation arrangement.
For three phase systems, the arrangement is very similar to

r
the conventional S,C 0 T„ one»

The linear couplers on the three phases have different
transfer impedances? for instance, that on phase "A" may be rated 
at 10 V/kA, oh’the "B" "phase at 8 V/kA, and on phase "G" at 6 V/kA,
['£<>e* of the ratios' 5%4*3o This arrangement being equivalent? to having' 
different turn ratios bn thê SoCoT,
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All the three’ linear'couplers, one on each phase, are connected 
in series and in series with the tripping relay0

A diagram of a typical arrangement with two sets of linear 
couplers, is shown in Fig? (4.06) 0 It would be appropriate here 
to investigate' the settings of the relay operated with this 
arrangement under different fault conditions*
(a) Phase to earth faults

In the above mentioned example„ it is clear that the earth 
fault setting will1 be different for each phase y similar to a 

, S.C.T* arrangement0

If the primary Operating current (PoO.G*), which is the 
threshold operating current, for phase ”An is, say, 300 A, then 
that of the "B" phase will be 375 A, and 500 A for "C*.

The earth feul't settings may be formulated in the following
mannero

If IA, ’ Ijg£dsid Iq are the earth fault P.OaC* for phases A, B, 
and C, respectivelyo

Zq9 Zĝ and 2a the transfer impedances of linear’couplers 
and their ratios are iu h+T s n+2, for phases 0, B and A, respectively* 

Then the minimum secondary voltaĝ  Va required’for relay 
operation is given bys-

tb = IAZA = IB zA° ^  » I0 ZA ̂ 2  ••••• (4 *36)

Therefore Ig « IA 0

and Iq f Ia *   (4 .57)
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•PIG. (4.6) LINEAR COUPLER SUMMATION SCHEMES.



(b) Phase to phase faultsQ
There are only two different settings for phase/phase faults, 

that’of "A-B'Vand "B**C?' being the same*
Generally speaking, by referring to eqns (4*36 and 4«37), 

and denoting the P*0oCo by 1^3, for "A-BH phase/phase fault,
Ibc fo* '‘B-C11 fault, and Î c for "C-A"*

• Va V  = Iab.Za £ \ - (4.38)
** '

since fftr"phase faults Iĵ « - IB of MA-BH fault,
I3 = -Iq for "B-O11 and Iq = -1̂  for ,tC-A,t fault 0

Therefore, Î j «= (n+2) 1̂  (4.39)

SimilarlyV for a t,B~C" fault, it <?an be proved that',

*BC ” *B Vv* (4*40)

and for an WA“C” fault
TAo » - ^ 1  Ia ><t#. (4#41)

It is clear thht for the above example, if the most sensitive 
phase has an earth fault PoO*Co of 300 A, then HA-B" or ,!B-CM
phase faults will’ have a PoOpC* of 1500 A, and HA-Crt fault will
have a P.O.C* of 750 A«

(0) Three phase faults
The calculation of the three phase setting is a little more

Mcomplex than the previous cases of phase to phase faults*
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■ Assuming that I i s  the three phase P*0*C*, then from 
eqn (4*56) it followss-

s A A ■̂ ABC [1 + S* + ^n+2^ a} ZA***“  4̂*42^

therefore
t — t (aa )̂ABC ~ XA 2+aa #*°°# u *45'

and hence

•'"ABC = ~S/fr 14 ’ * * ‘' 4̂*44^

Eqn (4°43) shows that is leading 1̂  by an angle of 30°•
In the" previously mentioned example p the three phase P*0.C. 

would be 870 A*
t (

The above mentioned eqns (4 o 37 * 4*38 - 4.4I and 4*43) could 
be expressed, as for the case of SoC.T.̂ sec. (4j3o20)̂ ih terms 
of the sequence component currents of the faulted system'; However, 
this will generally follow the same procedure as explained before 
in the S.C;T. case*

4*4*1 • MEMMl

(a) Priiflary oneratingLOurrent (P,Q_»ih)
In resistance-earthed systems, the earth-tfault current level 

may be very1low due to the earthing resistance limiting effect, say 
of the order'of 300 A« To ensure correot tripping under exceptional 
circumstahobs, ”it “is desirable that the primary operating current



be made less than this, e .g. about 300 A as in the example 
previously considered0

Ip solidly earthed systems, and always for muitî phase 
faults, a much' higher setting is both permissiblê  and tLeeiratrle*
A figure of about 20^ of rated breaking capacity* is the'maximum ̂ 
usually chosen for the phase/phase fault\settings, and about'half * 
of this for phase/earth faults.

(b) S ta b ili ty  ra t io  (s .R .)

The maximum thrbugh-fault current which can be cleared is 
fixed by the breaking' Capacity of the switchgear. This current 
level is the minimum stable limit in the case of phase/phase faults. 
For earth faults, the minimum level is about half of this in 
resistance earthed sybterns (the earthing resistance may-flaqh over), 
but where multiple solid earthing is practiced, the minimum level 
is the same as for phase/phase faults.

The stability ratio, defined as the ratio between'the primary 
current level-Ip at which instability occurs and ttorPiOvG*, is 
considered tq represent the range of currents over which a particular 
scheme will operate satisfactorily. Thus the S.Rt is highest for 
resistance earthed systems. For instance, the P.OvC. may be 300 A 
for phase/earth faults, and the maximum through fault current could 
be as high as 30 M, giving a ratio of 100*1. In1 some countries, 
and in the'U.K., in the near future, through fault current*levels 
are as high as 60 kA, thus giving a ratio of 200* i'for the 
previous example.
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This position has considerably worsened by some limitations 

of users such as the (J.P.O., insisting on low earth fault settings 
to protect their equipment from any damage which may oocur due to 
high earth fault currents circulating during faults on power 
systems. On the other hand, in multiple solidly earthed systems 
the maximum earth-fault through current may be of the same order 
of magnitude as that of phase/phase fault current.

The stability ratio, however, is determined in the case of 
linear couplers by the degree of accuracy to which individual 
coupler coils can be adjustedjsec. (?.2.3*)̂ i*e. independent of 
fault current. The stability ratio (S.R.) is given by

S.B. - £ ..... (4.45)

where w6!* is the practical error band within which all ooupler 
ooils are adjusted. This error is evaluated for a set of 3 couplers 
and was found to be less'than 0.4& seo. (6.2.7.).

It has been previously mentioned that the earth fault 
through current, for resistance earthed systems may be, at the most, 
one half of the phase fault through level*

Providing that the value of n̂ sec. (4,4,^ is at least 2, 
the' adbdfetQjr of winding the linear ooupler coils need only be half 
of that determined theoretically by eqn (4.45)4

The reason for this is that the phase/phase and three phase 
faults stability ratios are reduced by and respectively

/3eqns (4*41 and 4,414)',.'and the earth fault stability ratio is only
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half that required in a solidly earthed scheme. Hence, provided 
that i.e. n> 2, the three phase linear coupler arrangement
has an effective S.R. which is only half that of a summation 
arrangement for a single phase case, sec. (6*2•-?•.),«,

4.4.2. Comparison with S.C.T. Arrangement 
The foregoing analysis shows, that the only limit to the 

stability ratio attainable with linear coupler schemes is the 
dbgree of accuracy to which the toroid coil cah be ad justed* 
Instability in iron-pored C.T; summation schemes may be caused by 
variation of the CvTv shunt admittance or by saturation of one or 
more of the C.T*s.' ‘ Stability ratios of about 60s 1 are attainable 
with iron-cored O’.TbS, but for linear coupler schemes much greater 
ratios can be obtained.

The P.0.(3* fdr ihternal f^lts, for the case of linear 
couplers Arrangement, unaltered in the presence' of the highest1 
values of through fault current. All saturation troubles associated 
with iron-cored schemes are absent, and there is no necessity for 
elaborate sohemes of stabilisation, compensation, or bias, thus 
lining tjii4 %pe ’of arrangement more attractive4, from the application 
and financial points Of view.

4.5. Oonclttflione
In this chapter it was attempted to indicate some of the 

problems associated with relaying quantities for feeder protection.



The function of relaying quantities for phase-oomparison 
schemes have also been mentioned and arguments for the choice, in 
the developed scheme, of the positive and the zero phase sequence 
current as fault detecting quantities, or starting signals, have 
been put forward.

A detailed study of the summation current transformer (S.C.T.) 
and the equivalent connection for linear couplers was also, discussed. 
A procedure of checking the suitability of S.C.T. turns ratio, 
for different system configurations, under single phase to earth 
faults has been described.

Summation transformers are generally satisfactory for most 
solidly earthed systems. But the analysis of the ironless-oore 
C.T.s arrangement, to provide a single relaying quantity, has shown 
that its behaviour is far better than a S.C.T. scheme, supplied 
from conventional C.T.s at least as far as stability is concerned. 
Summation schemes operated from ironless-core C.T.s (linear couplers) 
have therefore advantages over the existing ones as they eliminate 
saturation and its associated troubles.

However, it is the opinion of the author that a similar 
analysis for the S.C.T. case, and its equivalent with linear 
oouplers, for a system with double oirouit lines and having double 
infeeds would be worth taokling on a digital oomputer. The effect 
of the mutuals of untransposed lines as well as a moving fault 
could also then be considered, to give a better understanding of 
the problems.
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CHAPTER 5

ANALYSIS OP SEQUENCE CURRENTS 
COMBINATIONS FOR PHASE ANGLE REPRESENTATION

5*1 Introduction
Phase sequence segregating networks have been used increasingly 

for selection of relaying quantities for feeder protection* 
particularly in conjunction with iDhase-comparison. schemes*

' (q)Different combinations of sequence quantities are possible' *
but each combination may also have its nblind spots11 * It is
therefore important to assess the combination most suitable as a
relaying quantity*

It was previously mentioned in section (4e2*2) that the
combination (MXaa + NIa1)f as a phase representing quantity* has
given satisfactory output characteristic under all possible single
shunt fault conditions*

It has been also noticed that this recommended combination
referred to the sequence component currents of the reference phase
"a*** in a phase sequence rotation given by Habow* Furthermore*

(q)the analysis given' 9 was thorough and lengthy in particular 
fotf systems with reaotive aero-sequence impedance only* The 
behaviour of suoh a combination has been investigated* under 
one type of fault conditions* for a system having a zero-sequenoe 
resistance Ro •



However * the analysis given for the general practical case 
of a zero-sequence impedance 20 = R0 + jX0 * would be inadequate 
to generalise and may be a little inaccurate#

All these factors lead to the necessity of further investigations 
for this particular combination of sequence currents as a relaying 
quantity* with the possibility of using combinations of sequence 
component currents of the different phases#

5*2 Relaying Quantities
For the purpose of the analysis given in this Chapter* three 

combinations are selected

(a) = MIag t NIa, = m 8 + NI,
(b) - HIaalNIbi ... (5.1)
(0) •̂nis * MIa*±NV
where I* and I2 are the positive and negative sequence 

component currents of the reference phase *>an* and (M and N) are 
coefficients*

$hese three different combinations ̂ feqn* (5*1 )J cover 
most of the possible alternatives* A positive sign is only 
adopted in the analysis* but in the general case of evaluating 
the relaying quantities either positive or negative values for H 
are considered*

In a three phase system with phase currents Ia * and Ic»
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the relationship of the symmetrical component currents of, phase* 
HaH say, is related to the phase currents by the well known 
equations 8-

?aV " V 3 (I* + alD + a2Ie)

Jaa " %  (la + a“lfc + al0) . . . . .  (5.?)

*o - V 3 (la + + *0)
where a and a* denote the operators e*^® and

respectively#
Similar expressions for phases ttb” and "c* could easily be 

derived from the relationships

xbi 88 a  ̂ 9- a * a*̂ ai
; ...  (5.3)

Substituting the values of the phase sequence ourrente 
£"eqns* (5.2 and $)J in the expressions of eqn. (5*1) for the 
relaying quantities*, it follows*-

Mm

I* ,  -  V3 Z"(M + N)la -  \ ( ^ )  + j  l \  (H w N)}
«NM

“ xc £ ^ 2^  “ 3 jj? *.*♦• (5*4)

*m« -  V 3 £ l a { ( * £ * >  “  3 4  N }  + -  i ^

- I  c ( ^ ) J  . . . . .  (5.5)
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JW - V, T v {  <ap> * / ! » ?  - ! , { ( * ) ♦  1\ <* ♦ »,]
.14 <a ^ > » i ,f i i J  j  ••••• (5.6)

Expressions (5.4* 5 and 6) give the relaying quantities as 
functions of the coefficients (M and N) and the three phase currents.

Th& relaying quantitiesp derived from the segregating networks, 
can therefore be evaluated under various faults occurring on the 
power system#

5.3 Single Phase to Earth Faults

■ 5*3.1 Phase waH/Earth Fault 
TJnder this fault condition*, the fault current

Ip e Ia and Ifc B 10 a 0

Substituting these in eqns. (5*1)? taking Ia ■ Ip and 
(M/n) '» a » it followss«

| l m * / l p l i  » (M M )/3  « ‘ N. . . . . .  (5*6)

and

IWlfl = I W ill a V3 (Ma+N* - HN)l/a
.  ,  . iL =J L± J & ' / M . . . . .  ( 5 . 7)

3
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5*3*2 Phase **bw/Farth Fault
For this fault condition Ip - Ijj and Ia = Ic = 0# 

Substituting these conditions in eqns* (5*1)» and taking 
(a = it givess*~

I W*rl = | W*j| = V5 (M*+ N2 - hn),/s
(1 “ a + a8) - . • /_” N 8 n ***** (5*3}

and
| W 1?! “ V 3 (M + N) = N . h- '   (5.9)

5.3.3 Phaae «o"/Barth Fault
For this case Ip » I0 and Ia a I0 a 0 ,

Substituting these conditions in eqns. (5*1)> and following 
the same procedure as abovep it follows s-

|W%! = IWlp| - V3 (M2+U2- MK)l/a
(1 - a - a*) .-3 # *..** (5*10)

and
|W*r| = V3(M + N) = H .   (5.11)



5*4 Three Phase Faults
TJnder such fault conditions*

\Ip| » |Ia| 88 |̂ b| = |*cl * and neSative sequence
component of current is aero*

The three relaying quantities given by eqns* (5*1) will 
therefore he equal, and haying an amplitude given by

} 88 ISmsApI * N ♦ .**♦ (5*12)

5*5 Double Phase/Earth Faults
A general double phase to earth fault condition is represented 

in Fig* (5*1 A)* The connections of the sequence networks to 
represent suoh a fault condition would be complicated to some 
extent and a common alternative is to represent the faulted system 
as shown in Fig*(5*1B)* This case would, in fact, represent a 
normal 5 phase load at points F , earthed through an impedance Z0 
with one phase open circuited, or a double phase/earth fault 
(in the oase shown a Hb - o"/earth) through a fault impedance 
Zp and an earthing impedance Z(j « The connection of the 
sequence networks for the "b - c"/earth fault, is shown in 
Fig*(5*2A), for a system with double in feeds V* and VH*

It should be noticed from the figure that the impedanoes 
Zf0 and- Z"0 depend on the earthing connections at the two 
ends of the system* In the oase of a transmission line they
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depend on the two transformer connections, and whether they are 
directly earthed or earthed through a realstanoe# In other
words, the ratio of the aero sequence currents Xno/l,o is
governed by the impedanoe ratio of Z,0/2tt0 and in the first 
place by the transformer connections at the line ends# A case 
worth mentioning is when one of the transformer connections is in
delta, i*e* with no path for zero-sequenoe current, then either
V0 qr Iwq will be zero# Ths ĵportâ qp of such a consequence 
would be envisaged in relation to the phase shift between the 
primary fault currents at the two ends, particularly if the 
earthing is through a resistance at the other end#

In a totally inductive system, the zero sequenoe currents 
Xf0 and Iw0 would be in phase but differ in magnitude as the 
inverse ratio of W0/W*0 * She inolusion of a resistive part 
in either Z'o or Z"0 would result in a phase angle difference 
between I!0 and XM0#

This would in turn introduce the phase angle displacement 
between the two primary ourrants, as stated above# This oase 
has been mentioned also in Chapter 4r seotion (4*?#3) in 
connection with summation current transformers#

The connection of the sequenoe networks, Fig* (s*2A), 
could be further simplified as shown in Fig*(5#2B), by assuming 
that the two infeed voltages V* and V'1 are in phase and of 
equal magnitudes#
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This assumption implies the elimination of any load angle
**6« between the sources V1 and V11 , thus indirectly negleoting
the effect of the load current* This effect could be taken into 

(9)consideration' by superimposing the effeot of the load on the
fault current and thus modifying the phase angle between the
primary currents*

The total effect of the load angle on the behaviour of phase
(22)comparison schemes was also analysed by Donaldson' • However9

(9K 22)it was concluded' / that it is only important to consider the 
effeot bf load current for systems with resistive earthing and low 
Q factor* A minimum stability angle of 30 - 40° would be suitable 
for most oases*

5.5i1 Phase »b - o"/B Fault.
For this fault condition Ia » 0*
Referring to the connections of the sequenoe networks for 

the reference phase tta% in Fig. (5,2B)> it follows*̂

*a i -  I» -  z7 • T T lic    <5*13>

where
Zo Zo .

K -  57 •  Tt
It is assumed that both the positive and negative sequenoe 

impedances are equal* This assumption is generally justified for 
transmission lines and transformers but not for rotating maohinery
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which form a minor part of the total impedance of a power system# 

Also, Ia2 =* I2 « - ’gj" * flTiic *****

V 1
âo “ ô " 27 * 1 + 2K ***•• (5*15)

Substituting eqnsi (5*13̂  14 and 15) in eqns* (5*1) for the 
relaying quantities, it oan be proved that s-

*mi - MIaa+ Nla1
1

H L. (l - «)g ♦ 1 /.N * Z, • 1 + 2K *•••• 5̂*16'

where
a * (M/N)

Similarly,

  X»t * H1aa + H*bi
„ V - oK + a< (1 + K) ,

- ” • 1 7 --T T S   ...  <5-’7>

and
Ims 88 * W1C1

- N —  K<a - ot) + a /- 1R\“ Zi * 1 + 2K   V5.18J

Either or1 I0 oan be considered as the fault ourrent
Ip* As far as the proteotive gear is oonoerned the ourrent in 
these two phases represents the fault ourrent. (Phe proteotive1 
gear, therefore, sees Ip as the ourrent in the secondary oirouits
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of the C.T.s at each end* In the simplified case, in Fig. (5*2B), 
with only one equivalent generation V , the phase current Ifc

From the symmetrical components relationship eqns* (5*2 and 3) 
would then he I*b = I0 + a2 Iai + ala2 , and substituting for f 
I0 , Iai and Ia2 from eqns* (5*13* 14 and 15), it follows:-

Initially it will he assumed, for the sake of simplicity, that
2i = 2a « jXi and the zero sequence impedance Zo * d*o*
practical cases Z0 generally consists of a large resistive
component Rq î 8 effect will he considered in a later stage
of the analysis in section (5*7)*

The above assumption, also, implies that the ratio K ,
Z0 Zogiven as ^  or , is a scalar quantity#

When the effeot of So is considered, K would normally he
a complex quantity rather than a scalar one#

Taking the case where K is a scalar quantity, the magnitude 
of the relaying quantities, as given by eqns* (5*1 )>, and expressed 
as ratios of the fault current, eqn* (5*19), would he given

(say) would he equal Ip*

J\ [/? + jO + 2K)} • * • * # (5.19)

by:-
N 1 + (1 ■ <*)K 
ft * (1 + K +

(5.20)



and similarly,

t i n {.K2(1 + a + a*) * K(2 + a) + l}*
| W % I  -  / J  • (1 + k  + k 2) V *

..... (5.22)
The results obtained above could be better understood from 

the symmetrical components vector diagram to show their relative 
phase displacement for the fault under consideration, For the 
totally reactive system assumed before with R0 « 0 and 
20 » SXq f all the sequence component currents are in phase* 
Referring to Pig, (5#3A), it could be seen that (l0 + Xaa) are 
in antiphase with Ia1*

The effeot of different transformer connections, if any, at 
the ends of the line could be more demonstrated by assuming a 
delta connection at one end and an earthed star at the other* 
Such a oase would result in different aero sequence ourrents 
namely either X'0 or Iw0 will be aero at the delta oonneoted 
side, e*g, X”0, At this end, (2), of the line the sequence 
components vector relationship would be as shown in Pig.(5*2B). 
The negative sequence ourrent IHaft is therefore equal and 180° 
out of phase with respect to the positive sequence component 
IHat. Under such a case the choice of N « + 1 for the 
relaying quantity IHai « MI**aa + NI!,ai » imposes a oriterion
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for M to be greater than one.
It can he easily* seen from Fig# (5*3B) that the relaying

quantities given by eqns# (5*0 would give equal magnitudes, for
end (2) under this fault condition*

In the general practical case of a system having a considerable
resistive part in its sero sequence impedance, i.e* Rq » 0, a
phase shift between the sequence component currents will be
introduced* The sequence component current, for the reference
phase a, are then no longer in antiphase#

The relationship Ia * I0 + Ia1 4* Ia# , will be still valid
and therefore the vector diagram will be as shown in Fig# (5#30).
The values of Iai , Iaa , and I0 are still as given by eqns*

2 2
(5*13# 14, and 15) f but the ratio —  » ~  * K would be a 
complex quantity* A complete analysis of this oase follows 
later in section (5»7)*

5*5*2 Phase._Ha and "0 _■» a*/E Faults
Before persuing the analysis any further, it is helpful 

at this stage to draw the symmetrical components vector 
relationships under such fault conditions. Fig# (3*3©) illustrates 
this relationship for, as previously assumed, a totally reaotive 
system (R0 « 0)* From Fig# (5*3B) it is seen that for 
Ma - bn/E fault Iaa leads I&1 by 60° and I0 lags behind
Iai by a similar angle* For l,o - aw/B fault Iat lags
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behind Iai by 60° and I0 also leads Iai by 60°*
If the effect of the zero sequence resistance R0 has to 

be considered* the consequence of modifying the phase angle 
between the sequence components of phase ,!aH is shown in
Fig. (5.32) for both ”a - bVs and "c - a"/E faults.

The detailed analysis of this case is also given later in 
this chapter ̂ section (5*7)Ĵ .

Referring back to eqns. (5*1) for the relaying quantities* 
and assuming a completely reactive system* then for Ha - bH/]3 
fault it follows:-

*mi -  “ a . + « a i

B a* I? T"+2K* 1? ̂ 2otK + K + l)-d/^(l+ K)_7
..... (5.23)

Following the same argument as before either Ia or 
*b ® * since the current in the faulty phases represent
the fault current as far as the protective gear is concerned#

From the symmetrical components* eqns. (5*2 and 3)* and 
from the vector relationship for "a » b11/® fault* Fig. (s?*3D)* 
it follows:-

1̂  « I0 + al01 + a*X04 a Ij,

• *».. (3*R4)



Therefore,

I *m'î p| “ I “
+ K8(<x2+ H  l) + K(2 + a) J  

" N * /3 (l+K + Ka)Va ’
..... (5.25)

and
\ t 1 0 *■“ ot) K + 1 . KIma/IF ■ N .  T-)/. ••••» (5.26)* 1 /3 (1 + K + Ka) /* .

‘ . - t

It oan he shown from the symmetry of the vectors in Pig# 
(5#3D)f that identical expressions for Im y Ima 9 and IB3 
are expected for the relaying quantities under mq - aH/$ fault* 
It is also worth pointing put that the three relaying quantities 
have attained the two possible values under one fault condition 
whioh will be attained for any particular one of them under 
different fault conditions# This in fact has demonstrated the 
prinoiple that the chosen relaying quantities oould be equivalent

1in behaviour to choosing one relaying and considering its value 
under different fault conditions or vioe versa# The system 
behaviour could then be studied by considering two relaying 
quantities under one fault condition as shown in Table (5#1)«



5*6 Double Phase Faults (Not Involving Barth)

5.6*1 "b - c« Fault 
For this fault condition,

la - 0 . Ib - - I0 - Ip

Substituting these conditions in eqns# (5.1) for the 
relaying quantities, it follows that s~

I (i ct2 •** 2a) . ■
I*mi/*p| " *#*.* (5*27)

Similarly,

K A |  - \hJh[ m X. ...  (5.28)

5*6*2 **a - bH or !to -► an Faults
Considering the oase of Ha - b*1 fault, then

Io -0 , Ia » IP * - Ib

Substituting in eqns# (5#0 it givess-

I W M  ■ K,/h\ m h. ̂  * “jt-ftl. ...  (5.29)

and

1 } 1 (1 + a2 - 2a)1/̂# /
I W 1?! -■ n* — ® —  ••••• (5.50)

As previously mentioned it could be seen that identio&l 
expressions are obtained for the relaying quantities under



»*o - a” faults#
In fact the results obtained above show, as in Table (5*1), 

that two of the three relaying quantities attain two possible 
values under one fault condition# This is in effect equal to the 
fault condition being changed for a particular relaying quantity#

5 #7 The Effect of Resistance in the Zero-Sequence Impedance
In the analysis given above the zero-sequence impedance has 

so far been assumed purely reactive having a value j Xq*
As a general case the zero-sequence impedance, in practice, is 
composed of a large resistive part Hq and a comparatively small 
reactive part JX0 , i#e# in the form Z0 » Rq + jXo * This 
assumption leads to the consequence that the ratio Z0/Z1 is 
a complex quantity rather than a simple scalar one* Since Zi 
is mostly reactive and equal to jXt say, therefore,

. H0 jX0 X0 Ro
Zo/Zi m JXi + ^  -  X i -  j  Xi

- k - A*i ...  (5-31)

where x0 X0 H0 Rok « rr- « and kt * ="■ =*A1 A2 A* A*

Considering different fault conditions, as previously 
described, and substituting eqn# (5*31) for Zo/Zt it 
followss-
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5.7.1 Phase "b - o"/Earth Fault

t t 2 -  1 + k  ~  jki , .
a, " li ~ z, 4 1 + 2k - 2jki'   5̂*52'

_  v k “ dki / »
a2 * Ia “ " Zi ’ 1 + 2k - 2Jki   (5.33)

lo “ “ Zi * 1 + 2k - 2jki *•••* (5.34)

Substituting these currents in eqns* (5*1)» for the relaying 
quantities, it can he proved that:*

Imi = I7 • 1 + 2k- 2Jk, ^*1 + k <1 ” «? _ 3k ^ 1 “ «) J
..... (5.35)

where
a = (»/n)

Similarly(

1na “ " z7 • 1 f 2k - 2jki Z ”2ate + (1 + k + /? kt)

- 3 { 2aki + ( k i / 3 k  - /3)J _7
  (5.36)

and ■ “ 27 ‘ V + 2k'2- j2k, ^ 2ak + (1+ k - /5e« )
- j{i*ki * (ki + /3k + /? )}_7

  (5.37)



Following the same argument as before by* considering either 
or Ic as the fault current Ip and substituting for the 

symmetrical component currents eqns. (5*32, 33 and 34) it 
follows:-*

V / ? / 2
IF - xb = - 2, » 1 + 2k - 2jki

• /"( /? ) 2k,) + 3(1 + 2k)_7.... (5.38)

Expressing the relaying quantities as ratios of the fault 
current it givess-

I / | iO * (1 m cf)*(ki2+ k2) + 2k(l
| Im , / Ip |  3 ~ H t \  + " ( k f + ki )+ (k + / ? k , )  j ' A

  (5.39)

Similarly,

* t i  ̂ * a 4 oe2)(ki2+ k2) + k(2 + a) - /? kia + 1̂ ,7
liB p /?  Z"1 + ( k A  k “) + (k + /3  k i )  _ 7 ^ *

..... (5.40)
and

Va
i- jm. i N + a + ota)(ki2+ k2) + k(2 + a) + /? ock* + 1 *7

* r r  . t a■ ■ —i// 3 + (kt + k ) + (k + /3 ki) J /a
..... (5.41)

Comparing the expressions for Ii and la when R© is 
negleoted, eqns, (5,13 and 14)t with the corresponding one



when R0 is considered eqns* (5*32 and 33), i*t could be seen 
that in the former case I® is 180° out of phase with Ii, while 
in the latter case the phase relation of Ia with respect to 
Ii is given bys-

6 o ^Ttaif1 y + '̂  - tan"1 ..... (5.42)

Referring to Fig* (5.3C) and comparing eqns* (5*1?) and (5*34)# for 
I 0 , it could be seen that I 0 in the second case is leedijilg by 

an angle given bys-

-1 2ki
f = tan TTz*   <5*43>

Also from the vector relationships, Fig. (5*3D), it oan be
.j

shown that under these fault conditions, Im, would give,
(for positive values of N), a relaying quantity larger than that 
of Im8 because Ia2 is lagging the 180° position by an angle 6

5*7*2 Phase wa - bVBarth and "c - aw/Earth Faults 
For the "a - bf,/B fault conditions I0 » 0 , Xa or lb 

would represent the fault ourrent as far as the protective gear
" i

is oonoerned*
The symmetrical component currents of phase non are given 

by eqns* (5*32, 33 and 54) namely*-



The veotor relationship of IC1 , I02 and I0 is shown in
Fig. (5.3E),

Substituting eqns. (5.44) in eqns. (5.1) for the relaying
quantities it follows8-

Imi = a(MI0a + NI^) • #••• (5*45)

Sqn* (5*45) gives in faot a relaying quantity having a 
magnitude equal to that of Xms under !lb - 0W/B fault, given 
by eqn* (5*37) r and has a phase shift of 120°*
Therefore,

T , a -JL  .....  » /»®i * 2, • 1 + 2k - 2jki

/"20k + (1 + k - /3ki) - j { 2aki + (k + /3k + /5)} J

..... (5.4w

The fault ourrent is taken as » Ip , and by substituting eqns« 
(3*44), for the component ourrents, it oan be"shown that s-
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02

It - 1 + l i2- a'jk, f -  3 + 2 /? fc, + J /* (i + 2k) _7
..... (5.47)

Expressing the relaying quantities, eqns. (5.1), as ratios
of the fault ourrent Ip it gives s-

n  V*I- /_ i N (1 + a + aa)(ki2+ k2) + k(a + 2) + /J akt + 1 7
w 1!- - —   --■■■ a— r---"z— =7 -----------' ’ 13 Cl * ki + * + * - 13 ki J fz

■ . . . * • (5.43)

Following a similar way* the two other relaying quantities give?-

. / , N Z"l + (1 -  a )2 ( k i“+  k * ) + 2k(l -  a ) J

,WIpl " 5 0  ♦Cki+ k/) + (k-^.k,) J V .
  (5.49)and

7™ */*I / 1 ^ L  » a + pc )(ki2+ ka) + k(2 4- q) - /? <xki » 1 J7
*ImsIf " “  5 c\ + (k,Vk*) + ( k . ^ k , ) j v «

, *

*.*.♦ (5*50)

From these general expressions (5*48* 49 and 50), it is easily 
seen that the relaying quantities for the oase of a totally 
reactive system* i#e. R0 « 0 * can be obtained by putting ki ■*.?<>«. 
The previously investigated oases* sections (5*5) and (5*6) for 
reactive systems would represent a speoial case of the general
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case treated in this section*
For the case of nc - att/l3 faults-

I], = 0 t Ia or Ic would represent Ip as seen by the 
protective gear* The symmetrical component currents, I^t , I-b2 
and I0 p of the healthy phase are given by eqns. (5*44) and 
their vector relationship is as shown in Fig. (5.3*0.

The relaying quantities,■ under such a fault condition, would 
give the following expressions when expressed as ratios of the 
fault current Ip

i , i  N Z"(ki*+ k*)(l + “ + «*) + *(2 + «) - /3 «k:i + 1 *
, w * ' ' — . r?a.

...... (5.51)
Similarly,
» i * ^ Z"(k*a+ k#)0 + a + a*) + k(2 + a) f /? aki + 1 J
W xf! - -— -— — ------- -— -— — — j y t" —

/$'£1 + ki * + k* + k -  /3 ki J

..... (5.52)
and {/

M f  1 t (1 ■■ g)?(k< Vk*) + 2k(l - «) _7 *
'Ims F‘‘ + (k,» . V )  n - y 5 ki J V *

..... (5.53)

Eqn* (5*53), could be seen to be equal to that of 
Xa#/lp for a - b/E fault, i.e. eqn. (5.49)* "



5*8 Effeot of Varying M in Magnitude and N In Sign
f.

on the Relaying Quantities
The relaying quantities Imi, Imaj, and Ims expressed as 

fractions of the fault current, under different fault conditions, 

were discussed in detail in the previous section. In order to get 

a better understanding of the behaviour of these quantities for 

different power systems, it was necessary to calculate their 

values for praotical oases*

In this section the effect of the ratio "a" ■ (m/n ), on 
the magnitude of the relaying quantity will be evaluated for 

different fauit conditions on the power system*

Generally speaking 17 , the coefficient of the positive 

sequence component, will be taken either (+ 1 or - 1) and 

the ratio "os" would vary over a wide, but praotical, range of 

values*

The value of the relaying quantities taken as a variable, 

expressed in the form of (la/ip| /N would be evaluated 

against a •

5*8*1* Single Phase to Earth Faults

The expressions obtained before for the relaying quantities 

under suoh fault conditions are given below*-
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Single phase/Earth. fault
Quantity

a/E V® . o/E

1 (1 + a) (1 + a4- a)1/* (1 + a*- a)1/*
N .. 3 3 3

I V 1*! (l + a*- a)1/* (1 + a4- «) ’/* (1 + a)
N 3 3 • 3

(1 + a*- a)1/* (1 + 0) (1 + a*-. a)1̂ 2
:.K, ... 3 3...... 3

TABLE (5,1)

Fig. (5.4A) gives the variations of these relaying quantities 
under such fault conditions for values of a varying from £ 2 
tp - 16* Such a wide range of values* larger than what is 
required in practice* was only considered for the sake of 
illustration*

Table (5.1)* in fact* comprises only two expressions* 
namely

1/
Exp. (l) « ^-~2' and Exp. (2) = I1 —  ■-

Expressions (l) and (2) give the magnitude of the relaying
«!■quantities* for values of N » - 1 * expressed as a ratio of the 

fault current*



(a ) Single Phase to Earth Faults 
(B) Double Phase Faults

4~ . I ~ .0 * io . ' U ■ 14 . ic9

Pi(f9 (5,4) EVALUATION GP RELAYING- QUANTITIES,

ff, yv.# r  v i1



From Fig* (5*4A), it can foe seen that exps* (l) and (2) have 
linear relation with Man# Exp* (1) gives higher outputs than 
exp* (2) for positive values of ”ce% while exp* (2) gives higher 
output for negative "aH*

5*8,2 For Double Phase Faults (Not Involving Earth)
The expressions for the relaying quantities previously 

obtained in section (5*6) could foe summarised as in Table (5*2)5-

Relaying
Quantity

Phase to phase faults (not involving Earth)

"b - c'» "a - fo” or Mo - aH

| W * f | (1 + a8- 2a),y/* (1 + a8+ a)’/*
N a rs

I ̂ ^ A fI (1 + a* a)1/a (1 + a8 - 2a)1/8
rs rs

(l a* + ot) (l + a* + a)1/*
R /S’ rs .

TABm (5#2)

H*. (5.4B) gives the evaluation of the relaying quantities
*4# p̂ itunder such faults for values of nan varying from 2 to - 16, 

This range would foe generally greater than any choice suitable 
for practical applications#



111*

Table (5*2) contains, in fact, only two expressions for all 
possible double phase faults, namely Exp** (3) « fz
and Exp. (4) = I1 + ̂  ~ 2g?1/*.

Fig, (5*4B) gives the magnitude of the relaying quantities 
evaluates, for N = - 1, expresses as ratios of the fault current# 
Both Exps# (3) and (4) give linear characteristics against "a"#

Exp# (3) gives higher output than Exp# (4) for positive values 
of "a" , while expression (4) gives the higher values with waw being 
negative#

v

5#8*3 Double Phase/Earth Faults
The analysis of such fault conditions, previously described. 

insections(5#5)and(5«7), was conducted on 2 stages# In the 
first part only a totally reactive system was considered with the
assumptions that Z1 «» Zg « jX* , the zero sequence Impedance

3Xo jX0 Z0 « jXo f and where K » «* — ^ #

The expressions obtained for evaluating the relaying 
quantities* under such fault conditions, could be summarised 
as shown in the following tables-

/



Relaying
Double Phase/Barth fa u lts

Q uantity
r. h -  c/E a -  b/E or o -  a/B

|lm i/Xp| 1 + (l -  a)K î ’+(l+a+a2)Ka+E(2+a)_7̂ 2
» ... /if (1 + K + K*)1/ * /S’- Cl + K +  K*)1/*

I W * ? I ZTfd +a+a*)K*+K(2+a)_7̂ * 1+(l-.a)K
H . /3  (1 + K + K2)1/* /3  (1 .+ K ♦  K ) ’ / *

I W M T̂+(l+a-t«a)K*+K(2+a)Jr̂ * ZJ+(l+a+a*)K,'«(2+a)_7̂ t
' i r J ... ! %  (1 + K + K * )V * /3  ( l  + K + K2) ’/ *

TABLE (5 .3 )

Figs* (5 .5  and 6 ) illu s tra te  the v a ria tio n  o f these re lay in g

q u a n titie s , under the fa u lt conditions considered here, .with respect
+ +to  "a* varying from -  2 to -  16, and fo r d iffe re n t values o f 

" W  from 0.1 to  16.

Table (5 ,3 ) comprises, in  fa o t, only two expressions namely

. 1 + (1 - o)K
B*P, (5) - y v  "■1 ~ Vv'iy,/3 (1 + K + K ) '■ and

Exp. ( 6 )
+ (1 + g + ga)Ka+ K(2 + a)J V.t

/? (1 + K + K*)Va

F ig s . (5*5 and 6 ) give magnitude of the re lay in g  q u a n titie s , 

fo r H ■ -  1 , expressed as a fra c tio n  o f the fa u lt current Ip .
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FIG. (5.5) EVALUATION OF. RELAYING QUANTITIES



It can also be seen that the general trend Is a bigger
output as "a" increases» but it should be noticed that for positive
values of "a" Exp* (4) passes through zero# for values of
K ^  j,0, For negative values of nocw expression (5) does not
ohange its sign* i.e. does not become zero for any value of K
from 0*1 to 16* From Fig* (3*6) it can be seen that the relaying
quantity as given by expression (6) does not ohange sign nor does
It pass zero for positive and negative values of HctH and over
the whole range of K from 0*1 to 16*

She seoond stage o f the analysis , o f the general case o f

seotion follow ed the speoial ease mentioned above and an

analysis o f a system having Z0 » Ro + was considered w ith

the assumptions 9
ft IJo . . Ro Ro

k “ M ji.' a n d k ' - i T " x ; *
. The expressions for the evaluation of relaying quantities under 

different double phase to earth conditions* are shown in 
Table (6*4) belowi-
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Relaying
Quantity

Double Phase/Earth faulte
l .. . ' ■

»h _  o«/B "a -,b»/B "0 - a"/E

|Imi/IF|
H Exp. (VIl) Exp. (XI) Exp. (IX)

lljng/%1 Exp. (viii) Exp. (XIl) Exp. (XI)
N

IWiyl Exp. (X) Exp. (IX) Exp. (XIl)N , ,....

TABLE (5.4)

  4 Jj * (1 - a)*(K,*+ K*) + 2(1 - os)K J 1/a
where Exp. (VII) - .-r  "SiTZ-

/3 /T + (Ki + K )+(K + /f Ki) J  ' 8

+ (1 + a + a2)(Ki8+ Ka)+(2 + oc)K - /? Kia_7 *̂
”*’• ( m i ) ' — ' B E + ^ * ^ ~ r ^ T r '— ‘

Exp. (IX )
/ f  + (1 + a + a2)(Ki8+ K8) + (2 + a)K- /S aKi./ 

/3 5 + (K,*+ K2) + (K - H Ki) JT'Va

Exp. (X)
+ (1 + a + a*)(Ki*+ K2) + (2 + a)K+ /J 0K1J

”  /$ n  + (Ki*+ k*) + (K + /5  K, ) J V .

y»

, v ZT + (t + a + a*)(K<2+ K2) + (2 + a)K+ /% 
Exp* (XI) “ IS 5  + (K>+ K2) + (K - /3 K,)jVe
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/ x 5  * (1 - «)*(K.*+ K8) + 2(1 - o)K J  1/*

The previous analysis has shown that a relaying quantity having 
a negative l,o£tt is preferable# For this reason the evaluation of 
Exps* (vil) to (XJl) inclusive was carried out for only negative 
values of HctH# varying from ̂ 2 to - 16, but a representative selection 
of curves only for the case of a =» -6 are illustrated in this 
section* This particular case was also recommended by other 
authors^

Pig* (5 *7 ) shows the v a ria tio n  o f the re lay in g  quantity  given 

by Exps* (V IZ I and X I I ) ,  o f Table (5 * 4 ) r fo r values o f k i « 

from 0*1 to 16 keeping the value o f k « oonstant a t 0*5#

1*0# 2*0# and 3*0 respectively# The chosen range of values would 
generally cover many praotioal oases*

Pigs* (5*6 and 9) give also the v a ria tio n  o f Exps* (V II#  X I) 

and (IX# X) respectively# fo r  the range o f k i and k as th a t 

chosen fo r Pig* (5*7)*

Prom the curves in  Pigs* (5*8  and 5*9) i t  can be seen th at 

eaoh re lay in g  q uantity  passes through a range of values depending 

on the type o f fa u lt*  The quantity Imi gives higher relaying  

outputs fo r the case o f 11 c « a" /s  fa u lt#  w hile Ia a gives its  

highest value fo r  an ,!a -  bu/B  fa u lt and Ia 3 fo r  "o ** an/E  

fa u lt*

The general trend o f the magnitudes o f the re lay in g  q u an tities
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is that the different output levels attained under various fault 
conditions approaches each other as k* increases* For a particular 
system having certain speoifio parameters* the difference in 
magnitudes of the relaying quantity* under different double phase/ 
earth faults* would tend to be smaller if k ̂  2*0*

In other words* the variation in the magnitude of any relaying 
quantity deoreases as k increases*

The wide range chosen for kt * °/xi would cover cases of 
fault where the resistance of the earth path* or the arc resistance* 
would vary from one fault to another* Thus for a certain system 
having a particular may be taken as variable* while k is 
more or less fixed by the transmission lines and other system 
parameters*

5.9 OonolUBlona
YThis chapter was devoted completely to a detailed analysis 

of the combination of sequence currents for phase angle 
representation* Remarks and conclusions are generally mentioned 
with each section in their appropriate places* However* general 
conclusions oan be reaohed for the chosen relaying quantities*
Under single phase to earth faults* and by proper choice of 
either * lni * or of eqns* (5*1 )* such a fault
would appear* as a fault to earth on another phase* This has 
been demonstrated in seotion (5*8)*
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The method of selecting different relaying quantities would 
also result in the relaying quantity having an output level 
corresponding to a fault on the reference phase*

Such a consequence could prove to he useful in some special
applications. One of these cases is that of double circuit
transmission lines* Such lines have generally one earth wire and 
thus resulting in a different degree of shielding of the phase 
conductors» because of their equal vertical spacings.

This leads to the fact that one phase may he more prone to 
lightning strokes than the other two* The combination of the 
relaying quantity could then he modified to suit such a condition 
to give higher outputs, thus increasing the sensitivity of this 
particular phase*

A general rule could not he easily drawn because the magnitude 
of the relaying quantities could he higher or lower depending on 
"a" being positive or negative* section (5*8)*

Another case where these relaying quantities combinations 
are useful is when different insulation levels on the phases is 
praoticed* By lowering the insulation level on one phase
conductor, it would be more vulnerable to lightning strokes and
flash overs than the other two. Advantage of different phase 
combinations for the relaying quantity can also be taken here 
to inorease the sensitivity.

In fact, the idea behind the analysis of the different



relaying quantities Imi » Ima y end Im3 was only to demonstrate 
the benefits of utilising the symmetry between sequence component 
currents of a 5-phase system. Higher relaying outputs could be 
obtained* by proper selection* and thus increasing sensitivity for 
any particular type of fault.

From Figs, (5*4* 5 and 6), it can be seen that the higher 
the value of "a*1* i,e, the greater the proportion of the negative 
sequence component in the relaying quantity* the higher becomes

phase to earth or double phase faults (not involving earth) for all 
negative values of n«tl. For positive values of waw and K <1*0

its sign, A relaying quantity which passes through such a "blind 
spot** should be avoided and therefore only negative values of waH 
are recommended.

The effect of different transformer connections at the two 
ends of the line has been considered in seotion (5,5.1), The 
choice of N ■ $ 1 in the relaying expressions imposes a 
limitation on the value of !,M" to be greater than one* when the 
transformer oonnectibns at one end does not allow any zero phase 
sequenoe current to flow*

The effeot of the zero sequenoe resistance R0 is discussed 
in detail in seotion (5*7)• The oases represented give more 
praotioal conditions than those obtained by previous investigators*

the ratio conclusion is true in cases of single

the case is not so* as |I&/1f| passes through zero and changes
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and also the evaluation of the three chosen relaying quantities 
covers a wider range of system parameters*

For further development, sufficient generality would be achieved 
by considering the case of a double oircuit teed feeder having ring 
generations at the three ends* This problem is better tackled 
by the help of a digital computer, in order to determine the 
relaying quantities under different fault conditions. The effect 
of mutual impedances, in the case of parallel circuits, on the zero- 
sequence impedances may be also included. Shunt faults as well as 
series faults can then be considered and even some simultaneous 
faults, e.g. double earth faults, would provide a wide range of 
studies* A moving fault on the double circuit lines would also be 
a probability to be envisaged*

It is felt that such a rigorous analysis of relaying quantities 
might prove easier to be tackled in primary phase quantities, and 
not. by phase sequence components* The simple analysis carried 
out in this chapter using sequence components has proved to be 
lengthy, and a computer would be most suitable for further 
investigations*
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CHAPTER 6

SEQPEHOE OOMPOEENTS SEGREGATING NETWORKS 
FOR EXTRACTING RELAYING QUANTITIES

6«1 Introduction
i

Generally speaking sequenoe component currents or voltages, have 
long been used in protection of power systems(20K 27)(2®)e jn this 
chapter some types of segregating networks have been developed 
and tested, and a complete analysis has also been described. These 
circuits are in general, suitable for voltage sources, such ae 
voltage transformers and in particular ironless-core C.T.s (linear 
couplers).

The segregating networks produce signals which are used, 
in the scheme developed here, as relaying quantities. These signals 
ares-

(a) The positive sequence component of the fault ourrent 
which is required as a fault detecting, or starting, 
signal* This quantity detects the presence of poly-phase 
faults.

(b) The aero sequenoe component of the fault current, which 
acts also as a starting signal, to detect mainly single 
phase to earth faults and any other types of fault 
involving earth. Series faults may also be detected 
by this quantity,



(c) A combination of the positive and the negative sequence 
components of the fault ourrent, at each end of the
protected feeder, to represent the phase angle, as
explained earlier in Chapter (5)*

The main purpose of segregating or sequence networks is there 
fore to provide outputs, voltages or currents, proportional to the 
sequence components of the fault current*

6.1*1 Basic Vectorial Approach
It oan be easily proved, in the absence of the zero sequence 

component, that the positive sequenoe component of a particular 
vector of an unbalanced 3 phase.system, is given correctly both
in magnitude and in phase by adding to the vector concerns d/\its
succeeding one advanced by 60° and then advancing the resultant, 
divided by /3 , by a further 30°*

There is also a corresponding method for obtaining the 
negative sequence component of this vector̂ 28 *̂

The general equations for the sequence components of an
unbalanced 3 phase voltagesare*-

v0 = Vs (ta + vB + v0)

A ,  - Vs (VA + TB +a*Tc) ..... (6.1)
vag - Vs (VA + a*VB + a V0)

where , V3 p and Vq are the 3 phase voltages, suffix 1



denotes positive sequence and 2 the negative sequence component#
In the absence of the zero sequence component*

VA + VB + VC “ 0 * and therefore Vq = - (vA + VB) # Substituting 
for Vq in eqn* (6*1), the positive sequence component ?a< of 
vector is therefore given bys~

vat " Vs if Va <1 ~ a*) + a VB " a>-7

- ..... (6.2)
?

Eqn. (6*2) is, in fact, the expression of the verbal statement 
made earlier in this section* Similarly, for the negative sequence 
component

v 1 " a rlLZJLlI 7  /««v^82 “ L 'a' .'ml ..... (6.5)

The vectorial operational instructions given in eqns#
(6*2 and 3) can be performed electrically and a large number of 
circuits have been devised for this purpose^^2̂ 2®^ 2̂ ^ #

The required phase shifts are, of course, provided by 
resistive elements in conjunction with reactive components#
Either capacitive or inductive reactances can, in principle, be 
used but, In practice there are good reasons for using one or 
the other*. As a broad general statement, capacitors are preferred 
in voltage segregating circuits and inductors in current circuits*
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Voltage segregating networks are usually of a relatively 
high impedanoe typeP in order to keep the power dissipated in the 
circuit elements as low as possible # For this type capacitors 
are most suitable« Xn current segregating circuits where larger 
currents have to be handled, inductors are preferred#

Ironless-core O.T«s or linear couplers, as applied with the 
developed protective scheme, produce 3 phase voltage outputs and 
therefore their sequence components are given by eqns* (6#1), 
where ?A * » and Vq are proportional to the primary currents
1^ , Ijĵ and XC respectively#

Voltage segregating circuits have been developed and an 
' analysis of their behaviour is given in thi£ Chapter#

6*2 Analysis of a Voltage Segregating Network
Referring to the network in Fig# (6#1A) and considering 

branch "AB" only, Kirchhoff's laws gives-

?A " Iz Zq +I b Zl

VB - XB B + IL %  h **••• (6*4>
and

" *2 * hi

where 2̂  is the total load refleoted impedance aoross the 
primary of the output transformer , Xx, is the load current 
referred to the primary of Tq * Fig* (6*1B) gives the complete 
circuit given for a 3 phase unbalanced system V& , Vs,and Vo*
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It is assumed, initially, that the zero sequence component is 
absent* Its presence will he introduced in a later stage in 
the analysis in section (6*2*6)*

If the impedances E and Z0 are chosen to he equal in 
magnitude, but differ in phase angle by -60°, i*e* Zc = - aR. 
Now Zc can be eliminated from eqns* (6*4) and substituting 
the values obtained for and in eqn. (6*3)* it follower

V, , _____ (6_5)
a* -  -Jf~L PS

or a Vft . IzjL . iia;. l L “ 1 * 1 + (e.e)
' /5 5
The circuit shown in Fig. (6*1) is, in fact a negative sequence 

voltage segregating circuit. The corresponding positive sequence 
circuit is obtained by interchanging the resistive and capacitive 
impedances H and Z0 »

In a similar manner to that described for the negative 
sequence circuit* it can be shown by substituting in eqn* (6.2) 
that the positive sequence component is given bys-

1 - a* (i - a*) +
“ — ' T'" * IjiZx, *
PS PS

Tai “ ""/= • - • " ..... (6.7)

6*2*1 Design Considerations and Calibration 
The relation between the negative sequence segregating 

cirouit elements* as stated before* is Zc = ~ aR* for the
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circuit illustrated in Fig* (6.1A),
This relationship defines a 60° capacitive impedance* It 

may he composed either of a series resistive-capacitive combination 
or a parallel one* Where these two arrangements differ is in 
their frequency error behaviour at frequencies different from the
normal frequency of the system and the parallel combination has

(*50)proved to have smaller frequency errorsw  *
The logical procedure in designing such a 3 phase negative 

sequence segregating circuit as in Pig* (6*1B) is to calculate 
the approximate values of the components for a certain maximum 
permissible power dissipation* The components could be adjusted 
separately to the calculated values 'using bridge measurements or 
the like* Alternatively, in a more practical and precise way, 
final adjustment of the pre-settings is achieved experimentally, 
by employing a genuine balanced 3 phase voltage supply* The method 
is based on applying a completely balanced 3 phase positive 
sequence voltage supply to the negative sequence segregating 
network. The output of the segregating circuit under such 
conditions would ideally be zero. Consequently the procedure for 
adjustment is simply to trim either the resistance element R or 
the capacitive impedance branch ZQ or both until a zero output 
reading is obtained* The sequenoe network acts now as its own 
nil indioator*

This simple and praotioal method has the advantage that
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stray capacitances and leakage resistances are included in the 
final adjustment, and accumulative errors, which would arise from 
individual measurement of elements separately, are avoided* The 
correct adjustment is therefore easily achieved and the accuracy 
is determined by that of the meter in use, to detect zero output 
from the circuit terminals*

Considering now one branch of the segregating circuit as "AB” , 
Jig. (6.1 A), and for a power dissipation of about 10 watts, with 
input voltages « Vjj m Vq » 120 V* The corresponding 
calculated values for B and Z0 , assuming the load impedance 
Zj, to be zero, are about 2750 ohms for B and Z0 is made of 
C ~ 1*0 pF in parallel with a resistance BD ~  5500 ohms*

These design values have, in faot, taken into consideration 
the case of maximum power dissipation and if the load impedance 

is different from zero, the power dissipation will consequently 
be reduced*

6*2.2 Conditions for Maximum Output into the load 
Beferring to Fig* (6.1 A) which represent one branch in the 

negative sequence segregating circuit, Fig, (6*1 B), and applying 
superposition theorem it givess-

Ij, m 1*2 + S’a «•*•• (6.8)

where and I ̂  are the currents in Z^ when Vg and



are short-circuited, each in turn, respectively0 and ¥3

are assumed to have zero source impedances9

Hence T _ T&* ^ + - %1 — 1 **»,* \o /Zg*R Z30R 4*

Substituting Zc = - aR , in eqn* {6*9} it followss-

<VA - a V
- a . ZL /~(1 - a*) + R/Zi _J

Ij, =   —----■--- ..... (6.10)

Substituting again eqn. (6*5) in eqn0 (6*10) it gives

STa, a * ZLIL £"(1 - a2) 4- R/ZL J(l**a)

From which the voltage V0o0 , Fig* (6*1 A)0 can be obtained:-

T 7 V  V I*L* L 0-0 a a*’ (l_a2) • (l_a2) + ̂

If 2^ is expressed in a general form by.

2L ®  12h I * e

therefore,

3$

V o !  ^ 2  7 R e~j (©+30)'1 + U ®■■'-■ga A ll lil m i-i-J-m

ft |zL l
Hence

IVol - K.I r~ R 2R . . _ 17
1̂ + Wi» 1 a + P T — T 008 + 30)_/?IzlI /3|2lI '

HHt (6*11)
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She VA output of the circuit Into the load is given by 
11 | * * | ZL| and hy substitution from eqn. (6,11), then

flhe VA output a ]V0C,| •/ |Zj, |

|z l | + s V3 | Z l | + 2R cos (© + JO)
..... (6.12)

Eqn. (6.12; contains two variables namely the magnitude of
|zL| and its angle

For a certain value of negative sequence component |Vag| , 
the maximum value of VA is obtained when M©M attains ah 
optimum value of 60° i*ee 2̂  represents an inductive load 
for maximum VA output *

If the reflected load impedance Zl p,Fige (6*1A), is a pure 
resistance i*e* © m 0, such cases are generally favoured in 
protective gear, then the optimum magnitude of fZj, | oould be 
obtained if eqn* (6*12) is differentiated w*r*t* |ZxJ as a 
variable and then equating the differential to zero*

d ZX7 _ -|vaa| Z~1 - Ra/3 |ZL|2 J  ^ o
d Z " Z iJ  ZTZLI+R/3|ZJ+ 2R//3_7*

from which, for max* VA ,

|Z L | * R//3 ..... (6.13)
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Eqn* (6*13) gives the matching load impedance for the 
negative sequence segregating network of Pig* (6*1B)*

The magnitude of the reflected load impedance 2̂  is 
controlled by the turns ratio of the output transformers T̂  9 
Tg p and Tq , as will be explained in section (6*2*4)/and then
2*̂  could be arranged to match |ZLI = r//5 on the primary .
side*

602*5 Impedance Presented to Supply Source 
The circuit shown in Fig* (6*1B) presents on the supply

an impedance per phase which is given by the following extremess-

(a) The reflected load impedance, Zjj is zero* Under such 
a condition the magnitude of the impedance 2^, presented 
by the circuit to the source is given by 1

2q * R
Zin ~ 9 substituting 20 = » aR then*

- y| ZzJfi!

hence*

|z i n | - -'7$ . . . . .  (6.14)
S*C« /?

(b) The load impedance 2L tends to infinity* This 
extreme case is equivalent to an open circuit on the 
secondary of the output transformer* Pig* (6*1B), i*e*
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Since the impedances of all the three branches are equal? 
i.e. 2£3 = « CCA ? then the impedanoe per phase presented
by the cirouit to its supplies is

Zab R + zc
Zin  ■ - y *  ■ — j —  , if Z0 = -  aR then,'

^  isj£. ...  <«.H)

Comparing eqns. (6*14 and 15) it can be seen that
|Z *n | « Uj- I * The result obtained is considered1 lalg^ 'vtPlo.o*
fortuitous due; to'the-symmetry of the network on a 3 phase basis? 
and to the fact that a series combination of Z0 and R is 
equal to their parallel equivalent for the condition ohosen of 
Z0 m  -  aR.

6*2.4 0?he Effect of the Load Impedance 
Eqn. (6*6) gives the expression for the output of the 

circuit? shown in Fig. (6.1B)? as s~

1 -  a« _ (1 -  a2 ) + R/Z L „
a Tat " * h  zh • L  ------- J

It is clear that the product (ij,. Zj,) is simply the voltage 
Vc.0 across the load impedance? referred to the primary side 
of the output transformer*

If this impedanoe 2L ? which is determined by 2*̂  and 
the transformer turns ratio? is sufficiently high? then the



ratio Vz^ k® neglected in eqn* (6*6)p and the output 
expression can then be reduced to s»

The output voltage V0t0 is therefore directly equal to

a unity magnitude*
On the other hand if the load impedance 2̂  is very small* 

or it is arranged to be so by controlling the turns ratio of the 
output transformer* i*e* if 2*1, «  R then p

Expression (6*17) shows * that the current in the load 
impedance Zj, is proportional to the negative sequence voltage

not depend on the load impedance 2̂  * provided it is small* as 
assumed earlier*

Generally* if 2̂  is not small compared to the circuit 
parameter H * then the voltage V0a0 will be expressed in a
complex form having a magnitude less than unity compared to Vaf*
This can be further explained by considering the phase
relationship of the output voltage V0c0 w0r*to the applied

o o • * • (6.16)

the negative sequence component* since the term

(6.17)

component and the constant of proportionality is a fixed factor
This constant is a circuit parameter and does
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voltages#
Eqn# (6*6) can be re-̂ rritten as follows s*

( l  -  a8) +  ®/ZL ~f r- 1 -  a8

/5 JL 1%
(6.18)

_  v i - a i f - y /ax, _  i - a _
a V .  = . r ----- 7=-----JC-Z— J

R /As mentioned earlier if yV < <  1 and can be neglected therefore,JUI

( l  -  a2)

3

2
aVa,-Vo “T   - Vo-Ml

or Vo " - a va# " “ Vo2 .. <6*195
where. Vc# is the negative sequence component voltage of

vc .

, Similarly it can be shown that in Fig# (6#1B)

VB*0 “ “ 7ba afad V o  “ “ Va...... . (6»20)

In the case where the load impedance 2̂  , referred to the 
primary of the output transformer, is not small enough to be 
neglected, there will not only be a reduction in magnitude, 
but also a certain phase displacement#

This reduction in magnitude can be controlled, or 
compensated for if desired, by the appropriate choice of the 
turns ratio of the output transformers 9 Tg , and Tq 
of Fig. (6*1B). In other words, if these output transformers
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are of the step-down type, then the magnitude of the reflected 
impedance 2^ on the transformer primary will he reduced hy 
Vh* 9 vhere is the transformation ratio® For this case
of a step-down transformer "N” is bigger than unity, hence if 
V]ja is made small enough that R then, the output
voltage Yci0 will he given hy eqn® (6*1?)*

As mentioned earlier in section (6*2*2), the turns ratio 
can he chosen to reflect on the primary of the output transformer 
an impedance Zj, which is given hy eqn* (6*13) for max* VA 
output*

It can he noticed from the previous analysis that the 
output transformers play an essential part in the design and 
performance of the segregating circuits of the type shown in 
Fig, (6*13)* Ihis feature offers flexibility in design, where 
the only controllable circuit parameter to meet different loading 
conditions, would he the choice of the appropriate output 
transformer*

The analysis given before was carried|out for the negative 
sequence voltage segregating circuit, hut as mentioned in 
section (6*2), a similar analysis can he obtained for the 
corresponding positive sequence segregating circuit hy inter­
changing the branches Zc and R * The output expression for 
such circuit is given in eqn* (6*7) *



6.2*5 Frequency Response
All symmetrical components segregating networks are pre­

adjusted frequency sensitive devices* The departure of frequency
t

from the normal system frequencŷ  or the calibrating one will
\ ' ' ‘ ‘ . S 'always cause an error* In practiceg the frequency deviations 

on the British Grid System is generally small and departures of
the order + 2$ to - 6% are rather unusual nowadays*

The output of any symmetrical component segregating network* 
at normal system frequency* would respond only to one type of 
sequence component* e*g* the positive or the negative* Whereas 
at other frequencies both sequenoe components play a part* i.e. 
both are present in the output of the segregating cirouit.

When the frequency of the supply applied to a segregating
oiroult of the type discussed in section (6*2)* is different

. \

from the normal frequency* the impedance of the capaoitive 
branch 20 would suffer changes both in magnitude and in phase* 
As a consequenoe of this* the simple relation given by Zq * - aR
will no longer hold true and a modified form must be used*

The relation Z0 » - aH can be written as 8-
A

Z0 » R •* e”360 ■* | (1 - j /? ) (6.21)

If ttocn represents the applied frequenoy as a fraction of 
the normal* or calibrating* system frequenoy tĥ n eqn* (6*21)i
can be rewritten in a general form
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Z0 « f (1 - i ..... (6.22)

where walf will ordinarily he little different from unity for 
all praotioal applications in protection of power systems*

Following the same steps as in section (6*2)9 by 
eliminating 20 p in eqns. (6.4) thens-

2 Vi „ 2
VB + 7 --- ^ Zr + Z t.(1  +  --— ■; ' '7  ) J
8  ( 1 - 3 / 3 / a )  L 1  (1 -  3 / 3 / a)

«»••# ( 6 *23)

Substituting and Vj$ by their symmetrical components 
in eqn* (6*23)» gives §-

a* 2 
a Ta i ( l - a )  + Vag(a+1 ) -  - m  ( f t  + J a ). I j ,  + ZL( l  + ------- - 7= ) J

/ Z  ~  / 3 / «

(6 .24)

Now considering as before the two extreme oases fo r  the load 

impedanoe Z^ namely

(a) I f  Zjj oan be negleoted compared to R then*

a 7a i ( l - « )  + Va t (a+1) -  a* |  / 3  + Ja) .  I L
JR
n

k.... (6.25)

(b) I f  R/ z^ is  small enough, I . e .  a/g  ^  1 ,  

then
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a Vai(l-«) + Va,(a+l) *  ±s ( P5 + j«) . ILZl. {l +  ̂   ̂ » }

» a* . (1 + j /? «) . IL ZL ..... (6.26)

Eqn* (6*24) shows that the output voltage Va*a depends 
on both the negative and positive sequence components of the 
input voltage 9 ^or ôr a negative sequence segregating circuit 
this will be interpreted as an apparent negative sequence output 
only* This apparent value is given by eqn* (6*17) for the case 
when Zj, R ,

• * Ya. - IL * "I • Z22l ..... (6.27)as “

Comparing eqns* (6*27) with its corresponding one* eqn. (6.25)*
1then Ta, and Vaft can be expressed in terms of, Va& as 

follows:?

a Va,(l-«) + Va,(o+l) = a*. 7a,  ft + a*(l-ce) J . . . . .  (6.28)

Considering now the case of a balanced positive sequence supply, 
having a frequency different from the normal frequency applied 
to the circuit in question* then putting va# " 0 in eqn* (6*24) 
it follows:-

a Vai(l-a) - J* ( /3 + jot). lhZh. /“ H/zL + 1 + 1 - j J

..... (6.29)
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Following the same argument as before there are two 
particular cases corresponding to high, and low load impedanoe 
Zjj in comparison with R,

For E/Zll«  1 then, it follows that s-

a Vai(l - a) = a* . IlZl. (1 + i B  a) (6.30)
Therefore

ILZL S*(1 - a)
■^7 ' i V j /j .  t6-” >

From eqn* (6*31) and putting V00 - lift, then ,

I voo I 1 - a ■ ,
  (6-’2>

Similarly the effect of a balanced negative sequence supply, 
with a frequency different from normal, can be obtained by putting
Vai =0 in eqn, (6*24)# thus getting a general expression for
the negative sequence component. This is,

va* 0 - ff •( & + 3“)* hh R/zi, + 1 ♦ Tzfjf/
  (6 .33)

For V a . 1 then;

Fa i  (a  + 1) -  a * (1 + j  /3  «) .  I lZ j ,  . . . . .  (6 .34)
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IlZl (« + i)Hence — —  — ■ ■
Va2 a (1 + 3 /3 0 )

1V,I'OCi . .and J _2 I « ,„n. 1 ,.i .ip 0 o o«• (6 *35/
va* /1 t.3r

In a general case when the 3 phase voltages * V3 f and
V0 represent an unbalanced supply (i*©* "both positive and-negative 
sequence components are, present) having a different frequency from 
the normal*

sThe output voltage Voc * of the negative sequence segregating 
circuit Pig* (6*1b), will then attain a value within the rangef

■7= %  |7a,|± |7a,| ..... (6.36)
/1 + 3a* /1 + 3a*

Expression (6.36) will be a maximum when the two sequenoe 
components are equal in magnitude* This gives the upper and lower 
limits of the output voltage as*

T f b p  |7« l ■“ * T f f e *  |v« l (6’57)

.. . The fractional error» therefore * due to frequency departure 
from normal* will not exceed the larger of the expressions

A ■ 1 - 1 , or B = 1 - — iSL-*,- ....  (6*38)
/1 + 3a* /1 + 3«*

It is expeoted that the two expressions given in eqn* (6*38)



should give zero fractional errors at normal frequency* This can 
he easily verified hy putting naM = 1 *0*

A frequenoy departure of - 10$ 9 f a 45 c/s and a ■ 0*9 9 

for a supply with an unbalance factor MkH of 100$P i*e. of equal 
positive to negative sequence component p give rise to an error 
of not more than - 8$* Smaller values of the unbalance factor wkw 
will result in a corresponding decrease of error*

Fig* (6*2) gives the limits of the fractional error due to 
the departure of frequency from the normal system frequenoy as 
determined hy expressions (a) and (b) of eqn* (6*38)# It also shows 
that the maximum percentage error in the output voltage is less 
than the percentage deviation in frequency*

A similar procedure can he followed for the case when the 
refleoted load impedanoe Zj, is small compared to E ; thus giving 
eqn* (6*25) for the output voltagep namely8*

a Va,(l - «) + Vaa (a + 1) . *■ ( 5* 3«) Xl .

'#'* eo* (6*39)

Following the same agrumentp as before, for applying a 
balanced positive sequence or negative sequence supply alone having 
a frequenoy different from the normal system frequency then in 
the case of a balanced negative sequence supply when applied alone* 
the positive sequenoe component Va, - 0 in eqn* (6*39) thus 
giving s-
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Therefore

Va# (1 + a) - a* ( S  + da) . Il tI   (6.40>

Il_ _ (1 + a) n 
Taa ~ az.( /% + ja)R o»* (6*41)

hence

* /3 + a2 R
I II I '(l + a) - . .j j s= . r« _ • •»** (6*42)

Similarly9 for the case of a halanoed positive sequence supply,
it can he proved that s-

| IL 1 /3 (1 - a) ,
I tr " I B ~T~~~~s: e***» (6*43)
'  va , ' / 3  + « H

Following the same procedure as before, the output will attain
a value within the range given hy s-

|V . , |  i  | v . , |    (6.4* )
/3  + a * R h  + a* R

This expression is a maximum when the magnitude of the two 
sequence components are equal, iee* when the unbalance factor HkM 
of the applied voltages is 100& In such a case the limits for 
the load current II are given by

2 &  Va .  . 2 /3  <x Va ,
/—— — r aad ..■ —y '' •••»• (6.45)
/ 3  + a* R /? • +  a* R



Eqn* (6*17) gives the output load current at normal system 
frequency for the same loading conditions* From eqns* (6*17 and 45) 
the fractional error due to frequency deviation will not exceed 
the larger of the following expressionsp

2 2a ' .A = 1 — ‘"jsaagsssss: or B = 1 «» <««»(«--• 0 0 0 0a (6i46),h + a2 /3 + a®
Expressions (6©46) are in fact the same as those given before 

in eqn# (6*38) and therefore Fig* (6*3) also shows their variation 
w*r©t© a «

It can be seen that these maximum fractional errors depend 
in fact only on the frequency deviation* i*e0 it cannot be modified 
by a rechoioe of circuit parameters©

The analysis given above discusses the case of a negative 
sequence segregating circuit* Fig© (6*1B)0 The corresponding 
positive sequence segregating circuit is obtained by interchanging 
the capacitive branch 2e with R 9 the output voltage of which 
is given in eqn* (6*7)* A similar analysis can easily be made 
for its frequency response in exactly the same manner as for the 
case of the negative sequence circuit©

6*2*6 The Effect of 2Sero Sequence Component
In the previous analysis the zero sequence component was so 

far assumed to be absent from the voltage inputs V4 » Vb p 
V(« of the unbalanced 3 phase system*



Primary currents of a power system would generally contain 
zero sequence components9 under fault conditions involving earth? 
and therefore their presence in secondary quantities? currents or 
voltages? should also he considered,.

The circuit previously described has been developed further? 
to give an output? even in the presence of zero sequence components? 
equal or proportional to either the positive or the negative 
sequence component of the applied unbalanced 3 phase voltages*

The modified circuit is shown in Pig* (6*3) where the outputs 
are taken in the form of line quantities instead of as phase 
quantities in the earlier design*

The 3 phase unbalanced voltages 9 Vp 9 and Vq are 
related to their sequence component by the general known equations?

VB = To + a*va, + a va* (6.47)

Therefore
VA - a VB = (1 - a)V0 + Va,(l - aa) 

and VB - a Vc ■ (1 - a)V0 + Vag(a - 1)
« e « « • (6.48)

Subtracting eqns. (6.48) givess*>

(VA - a VB) - (VB - a V0) - 3 Vaa (6.49)
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FIG-. (6.3) MODIFIED NEGATIVE-SEQUENCE SEGREGATING CIRCUIT.

c
FIG. (6.4) BRANCHES "AB and BC" OF NEGATIVE-SEQUENCE CIRCUIT



Eqn. (6.49) gives in fact /3 times the value of the negative 
sequence component of the line voltage T&B say«

For the negative sequence segregating circuit shown in 
Fig. (6.3)» assume the same relationship as in section (6.2) 
between the circuit elements* i.e. Zq ~ - aR. Following the 
same analysis* as in section (6.2)* by considering branches 
and "BO11 Fig. (6.4) and applying superposition theorem* it can 
be proved that

Vr aVB
*•’ • .:v i  £%,; ♦ (, - .‘Jjr   (s-49)

and
VB ~ a Vc

V  = ............. .M/y j / ,  "ZV7   (6.50)
“  a Zjj L  ' “L  + (1 -> a ) _ /

where ZB is an equivalent load impedance referred to the primary 
side of the output transformers. The current in the primary of 
the output transformer is given by s- -

Vo* “ za' - V    (6.51)

Substituting from eqns. (6.49) and(50) in (6.51). it gives8-

(Vb - » ̂ c) - (VA - a Vb) , \
W  “-------“— F S 7 ------ Z ---- 5 T e7   16.52)- a Zh £̂ /Zh + (1 - a*)J

From eqns. (6.49) and (6.52) 4t follows that s-
5

Z~r/zl + d ■-*•)> ,
L ...  X6.53)

I a l c l . ZL m Va t 0 ! so a®. PS Va2.



It can be seen from eqn. (6.53) that the product (la»0t .Zj.) io 
the voltage across the primary of the output transformer and

is the magnitude of the negative sequence voltage component 
of the line voltages. .

6.2.7 Performance of the Segregating Network 
Associated with Ironless-Core CoT.a 

A set of three ironless-core C.T.s (linear couplers)* each 
hAv&^an output rating of 908 v/KA primary current* are used as 
Supply sources for the negative sequence segregating circuit*
Fig. (6.3)* and its corresponding positive sequence one.

The current in the primary circuit of the linear couplers 
is supplied from a protective gear test bench designed to simulate 
a transmission line under healthy and faulty conditions. The 
maximum rated current for this bench is about 50 A for a 
duration of a few minutes*

Ironless-core O.T»s are suitable for operating from a primary* 
bar as well as a wound one *
  In order to obtain a reasonable output from the available
linear couplers* a 20 turn primary winding was used* thus giving 
about 10 V output at the maximum rated current of the test bench.

These ironless-oore C.T.s are not ideal voltage sources and 
therefore have internal impedances. The magnitude of the average 
internal Impedance of the linear couplers is about 20Q and is



composed of almost equal resistive and inductive parts, a-fe 50 c/s#
The resistances of the toroids differ a little between the 5 
couplers on the three phases hut the difference was, however, less 
than 5% in this case#

This difference in resistance does not have any effect on 
the output of the toroids since it is governed hy the mutual 
inductance *m* of the individual toroids, as explained in section 
(3*2) ♦ If the primary currents on the 5 phases are assumed to he 
balanced, then the couplers output voltages a re also balanced, within 
an error almost equal to that existing on the primary current#

In order to evaluate this error, due to the accuracy of the 
winding of each toroid, a current was passed in the primary circuit 
of the couplers connected in series, and their open-circuit output 
voltages Y0#0# were measured by an accurate valve-volt me ter#
The following results are recorded 1*

* primary ** ^#3 A#

V c . 2.72 V

V0.c* ”B" 2.73 V

Vo.o. "C" 2.72 V

From the above results, it can be seen that the accuracy 
of the mutual Inductance to which the individual coils are wound



is less than 0*4$*
This error is important in determining the stability limit 

of any summation scheme operating from ironless-core C,T#s as 
explained in section (4*4*1 )*

The three secondaries of the ironless-core G,T,s were then 
eonneoted in a star configuration, while their primaries were each 
in series with one phase of the transmission line of the test bench# 

The secondaries are connected in turn as supply inputs to 
the segregating circuit, Fig* (6*3)# The impedance reflected by 
this circuit on each phase of the supply is given by eqns* (6#14 

and 15)# For the circuit designed with the particulars given in 
section (6,2*1), the input impedance is about 1 #5 K ohms. Comparing 
this value with the internal impedance of a coupler (about 20 ohms) 
it can be seen that the couplers are operating almost at open- 
circuit conditions.

The output transformers, of the circuit of Fig, (6,4)t were 
disconnected, or alternatively assumed to have a unity transformation 
ratio. The following tests were carried out on the couplers/ 
(positive and negative) sequence segregating eireuitss-

(a) 3 Fhase fault#
A 3 phase fault was applied on the transmission line of the 

test bench,* A resistive load of 82 ohms was connected across 
the output terminals of the positive sequence segregating circuit 
of the type shown in Fig, (6,3)* The following table gives the



recorded measurements*

Phase nA** Phase »BW Phase *0”

I p U ) 22*1 22*15 22*0

< o * o « < 4*3 4*3 4*28

ŝec* W 4*26 4.23 4*23

(m*A*) 4*54 4*50 4*50

11 ABC11 - Fault

Since the load impedance in this case is very small compared 
to R of the circuit# then the output current in the load Ij, 
as given hy eqn* (6*5?) can he calculated hy putting **/ĝ  1*
From the results it can he seen that Vge0fl (which is the secondary 
output of voltage of the couplers when connected to the segregating 
network) does not differ much from the V0#0 #̂ i*eP the couplers are 
operating near enough to open-cireuit conditions*

The overall error in the load currents# Including an 
unbalance of about 1$ in primary current# is less than 1*5#*

The whole circuit arrangement# with such loading conditions# 
has an equivalent sensitivity of 1 *0 m*A/lOOA bar-primary current*

(b) Double phase faults (not involving earth)
The results mentioned in this case refer to the negative



sequence segregating circuit shown in Pig* (6*3)« The loads to 
the circuit were 3 measuring instrument having an input impedance 
of 1 *0 KQ, on that particular range of measurement* Por an nA - Bw 
fault, the recorded values are shown in the tahle below* Measurements 
were carried out with only one instrument to avoid the effects of 
different accuracies and errors*

Phase "A" Phase MBW Phase ”CM

Ip (a ) 18*35 18*55 0

736C>) 3*76 3*75 0

▼j, W U39 ' 1*4 U38

"A - B" Pault

Since the load impedance 2̂  is now comparable to the circuit 
element R , the output voltage across the load impedance, 
is given by eqn, (6*53)# Under this fault condition, the negative 
sequence outputs of the line voltages should be equal, but a small 
error in Vj, due to the accuracy of the measuring instrument 
can be noticed, this error is, however, within « 1 ,0$£*

This circuit arrangement has an equivalent sensitivity, under 
the prevailing loading conditions, of 350 m ,7/100 A bar-primary 
current*
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(c) Double phase to earth faults
The same negative sequence circuit* Fig* (6*3)t lias undergone 

these tests having two different loading conditions# In one ease 
the load was the same measuring instruments described in the above 
test and in the 2nd case an electronic valve-voltmeter was used 
to simulate the ease of 2^— ►oo e For MB - C/Ew fault case on 
the transmission line of the test bench* the following results 
were observed?«

Phase "A1* Phase ”B" Phase "C"

Ip (a) 0 21 #8 21.45

Vsec. W 0 4.23 4.18

vL (i) 1.85 1.82 1.8'
(t) (ii) 2.32 2,32 2.3

11B - C«/E Fault

Under this fault condition* and with the,available settings of 
the simulated transmission line constants on the test bench* 
closer accuracy of primary currents was not possible due to 
a slight unbalance in the supply to the test bench# With an error

•l*in the primary currents of - 1$* the sequence network output 
voltage* in case (ii) of high load impedance* was within i 1 *2j6. 
The error was a little higher in the case (i) with the lower load



impedance# this was attributed to the primary current error and 
the accuracy of the measuring instrument#

The overall sensitivity of the circuit# under cases (i) and 
(ii) of loading conditions# was equivalent to 400 m.v* and 500 m*v/ 
100 A bar-primary current# respectively# Such outputs make the 
circuit arrangement suitable for application with transistorised 
relaying circuits*

(d) Single phase to earth faults#
The same negative sequence network was tested under & single 

phase to earth fault on phase "A” of the simulated transmission line* 
The loading condition was# as mentioned earlier# such that Z^-v-oo. 
The measurements are recorded in the following table

. Phase "A" Phase WBW Phase "G"

XP (A) 22.0 0 0

vo.o. <t) 4*27 0 0

ŝeo* <y) 4.24 0 0

W 2.36 2*4 2.36

"A"/S Fault

Under this fault condition it is well known that the fault 
current is 3 times the value of any of the sequence components#



since I0 « It « 12 * The output voltage is in fact the 
êgative sequence component of the line current# i#e. /? 12 *

Prom the table above it can be easily verified that 
Vi* ~  VQ#cy  /3 t also the difference between VO0C# and Vaeo# 
shows that the couplers are near enough to o*ce conditions* The 
error between the calculated value of the negative sequence of the 
line voltage and the measured one does not exceed 4& including 
the loading effect on the couplers as well as measurement errors*

The overall sensitivity of total circuit arrangement# for 
such a loading condition# is equivalent to about 550 m*V./l00 A 
bar-primary current* This sensitivity is satisfactory for transis­
torized relaying circuits where amplification may be considered if 
required*

In all the above tests the ironless-oore C*T*s (linear couplers) 
used have a transfer impedance of about 10 V/KA primary ourrent# 
i*e* the sensitivity is about 1000 m.V/100 A on open-oirouit.

If the (\000̂ m*^ are obtained under# say single phase/E fault# 
then for a sequence voltage segregating circuit the.sensitivity 
available will be 330 a.V*/l0Q A* Comparing this with the corres­
ponding sensitivity obtained above for similar fault conditions# 
the advantage of producing the output of the segregating oirouit 
in the form of line voltages rather than phase components can 
be easily seen*



6*3 Simple Circuits for Extraction of Sequence Currents 
Associated with Linear Couplers

6*3*1 General Considerations
For the segregating circuits previously discussed it is clear 

that the output transformers play an essential part in the design 
and in the output characteristics of the circuit* This has rather 
a two sided point of view# on one hand it is advantageous sinoe it is 
the only variable element in the design of the segregating network to 
meet different loading conditions# On the other hand* the presence 
of the transformer was considered as a rather expensive item thus 
contributing a large sum of the cost of the segregating network*

On economical grounds# other circuits# of a more simpler nature, 
have been developed to extract sequence component currents from ironless- 
core C.T*s (linear couplers) and as far as possible iron core chokes 
have been eliminated on grounds of cost as well as space economy*

In designing these circuits simplicity and lower cost# 
without sacrificing a great deal in performance characteristics# 
are the two main aims to be achieved# The fact of associating the 
output of these circuits with transistorised relaying circuitry 
was also kept in mind*

Linear couplers have# in general# low VA output but stifficient 
enough for application with transistorised relaying schemes where

y

the input would be of the order of a few milliamps*



Fig. (6*5) shows a schematic diagram for the way suggested 
to extract# e.g. negative sequence current# from the secondaries of 
three linear couplers (V& * » and V q ) conneoted in star#
The negative sequence voltage of the reference phase "A" is given 
by eqn. (6.1)# This arrangement is a direct representation of 
eqn. (6.1) assuming that the shifting network produce a voltage phase 
shift for the angle indicated inside the squares# It can# therefore# 
be seen that î  is proportional to the sequence component voltage

h - (▼. + v* + t0) - “  <VA + a %  + a VC)

* Ta* = â* (6.5+)■

where k% is a constant# and “C11 is the attenuation factor of 
any of the phase shifting circuits#

Circuits to provide a voltage phase shift of the order of £ 120° 
are rather complicated as well as expensive and to some extent 
Impractical to design avoiding the use of transformers#

Eqn. (6.1 )# for the negative sequence component# can be re-written 
as follows

- Va# - j (- VA + VB /600, + V0 /- 60° ) (6.55)

Fig. (6.6) shows a circuit# in a schematic form, to give a 
representation of eqn. (6.54)# From the figure it can be shown
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that the output current î  is proportional to (- Va#).
Fig* (6*6) is in fact a direct representation for eqn. (6.55)

and it is noticed that only one transformer is needed on the 
reference phase MAft. This can be further eliminated by turning the 
connections of the linear coupler of that particular phase, thus 
providing (- Va) instead of * The presence of transformers in
the oirouit can therefore be avoided completely if the set of
linear couplers are only used for supplying this segregating oirouit*; 
If the linear couplers are used simultaneously for other purposes* 
then two identical linear coupler windings on phase wAM to produce 

as well as (- VA) may be used or alternatively one linear 
coupler on phase HA” with a reversing transformer.

The phase shifting cirouits shown in Fig* (6.6) are required
*4* 0to provide voltage shifts of * 60 , which can be easily achieved 

in practice without further complications.
There is, of course, a similar oirouit for extracting the 

positive sequence oomponent as given by the following expression s-

- vat - %(- Ta + VB. /- 60° + V0. A  60° ) (6.56)

Such oirouits are designed to produce output currents, 
between terminals %  and n% whioh can be used as a relaying quantity* 
The only condition to be notioed is that the relay input impedance 
as seen between the terminals should be very small oompared 
to , i.e. Rr Rjj * A transistor amplifier in a common



base configuration would be ideal for such conditions*
To implement the instructions given in eqns. (6.55 and 56),

+ ovoltage phase shifts of - 60 are required to be performed 
electrically. Such phase shifts could be achieved by the use of 
merely resistive capacitive circuits, thus avoiding the use of bulky 
and expensive iron-cored Inductors.

6*3*2 Circuit Design
In the previous section it has been shown that the current 

niLtt * (6*6), is proportional to the negative sequence
component of ”V^M* This current is the sum of thd voltages at 
points a, b, and c divided by Rj,*

Assuming that the phase shifting circuits in Fig. (6*6) 
introduce no magnitude attenuation, and cause just a vector rotation 
of the phase voltages, then the voltages at a, b, and c will 
be equal to the phase voltages - , and Yq respectively*

In general, phase shifting circuits would also cause an 
Inherent magnitude attenuation. Two types of phase shifting 
circuits are examined and analysed for their magnitude attenuation 
and frequency response#

6*3*3 Single and Double Stage Circuits
It has been mentioned in section (6*3*1) that circuits 

designed to produce 1 60° voltage shifts are required for 
segregating circuits of the type shown in Fig, (6*6)# '
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In a single stage circuit, the phase shift 0° is produced 
by one basic circuit (stage). The same phase shift may be 
obtained by a composite circuit of two or more identical stages 
in tandem each providing a phase shift ©? » (©/no. of stages)*
The following discussion will be devoted to single and double stage
circuits only*

Fig* (6*7A and B) show two RC cirouits to produce -60° and -30° 
voltage shifts respectively. It can be proved that*-

«C,R = (% l W v in| =0.5
  (6.57)

wCgR = lTo A n l  - °*866

For a two stage circuit of the type shown in Fig. (6*7B) each 
stage has to provide a phase shift of ̂ 30°, assuming that the loading 
effect of the second stage on the first is negligible, then the 
total shift will be -60°* Such a oirouit is shown in Fig* (6*83)), 
where *nH is a scalar factor equal to the ratio of the resistive 
branches of the seoond stage to that of the first*

For the first stage V0#/Vin is given by eqn. (6.57) and 
provided n > >  1 , then the loading effect of the second stage 
on the first can be neglected, and consequently

| W vin| *  (0.866)* = 0.75 ..... (6.58)

Comparing eqn* (6*57 and 58) it can be noted that a two stage
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circuit, has a larger output voltage for the same phase shift and 
input voltage , i*e* offers less attenuation* On the other
hand, for a general oase, the loading effect of the second stage on
the first should he taken into consideration*

For a -30° phase shift/stage, the relation between the circuit 
elements arei

WO2R = V / 3  ai*d ••••• (6*59)

The iinpedance presented by the circuit to its input
terminals ab , Fig* (6*7D) p assuming terminals cd are open 
cirouited, is given by s-

n(H - j/uCa)8- JR/toCg R £"- 2n - j /? (H-2a)_7
in " nR - j(n+l)/wCa = n - j ft ( l+ a )

  (6.60)
Frofo which it can be shown that s-

__ / ,5n 3h . ,q
ot in = 2a + 3 [% (2n+1) /"l 6n2+ 12n + 3_7 V a

jrf = tan-1 /? (1 + Van)



Fig* (6*8) gives the variation of expression (6.62) against 
wnM, The value of |vo .̂/V̂ n| reaches the limit of 0*75 given by 
eqn* (6*58) as nnH-#»oo , and also the figure shows the variation 
of /j&° the phase shift with ”n”0 The angle ff6° approaches - 60° 
as "n" tends to infinity, which corresponds to the case when the 
loading effect of the second stage is negligible*

Fig. (6,9A and B) show a voltage phase shifting circuit 
for shifts of 60° and 30° respectively* For such phase, shifts 
it can be easily shown that:-

u C i R 1/ / 3  and | Vot/vin j = 0.5
  (6*63)

and 10C2K a /? and JVr/V^J 88

The two stage oirouit shown in Fig, (6*9D) comprises two 
circuits, Bimilar to that of Fig, (6.9B), oonnected in tandem*
Each stage provides for a 30° phase shift and, provided that the
loading effect of the second stage on the first is negligible:-

| W vin| -  ( /5/g)* * 0.75 ..... (6.64)

This composite oirouit gives therefore,' a larger output voltage 
than the circuit shown in Fig, (6*9A), for the same input voltage*

For the cirouit shown in Fig, (6.9C), and assuming that the 
terminals od are open-circuited, £"the effect of the load at wod* 
will be introduced in a later stage, sec* (6*3*5) the input 
impedanoe 2 presented by the oirouit between terminals HabM
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is given bys-

2 - n (H " Vm2Cg£) - jl̂/toCa (1 + 2n) ^ R £~2n - j /3 (2n + 1 )_7
iD R(1 + n) - j/wCe " /3 £73 (n + l) - 3_7

(6.65)

Hence it can be proved that*

W v “  " a . (1 ♦ a) " A *

where
JZS « tan"1 /3 (1 + */#&) (6.66)

Therefore

|votAin| = -H 7  TrTT- • <6*67>£ 1 6n *f 12n + 3jVa

Eqns. (6*62) and (6.66) give the same expressions, exoept that 
the angle 0 was negative in the first case and positive in the 
seoond, i.e. a lagging and a leading phase shift respectively. 
Consequently Fig. (6.8) would also represent the variations of 
expression (6.67) with n .

6*3.4 Freauenoy Response and Error
All segregating circuits are frequenoy sensitive devioes 

and the departure of the system frequenoy from its normal value 
will cause an error in the output of the segregating oirouit.

The open circuit secondary voltage of a linear coupler is
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given by V0oCtf = - jiisnlp , where Ip is the primary current.
When the frequency of the system deviates from its normal value the 
output voltage of the linear coupler will vary in direct proportion 
to frequency.

If naw represents the actual frequency as a fraction of the 
normal value, the open oirouit output voltage of the linear coupler 
will be given by s-

V'o.o. = - ■ *0.0. *— • (6*68>

Segregating circuits fed from linear couplers would therefore 
have a varying input voltage with frequency and such an effect, 
added to the change in the value of the reactive impedance elements, 
have to be considered as souroes of frequency errors.

In praotioe the effect of frequency errors has to be considered 
only at high load currents approaching low fault settings, s,g* 
earth faults in resistance earthed system,

Por the oirouit Pig. (6.7A) the output is related to
the input voltage by s-

W v *  - rrso3T •••••' (6-<9)

If the frequenoy of the system deviates from the normal value, 
then the output V0* of the oirouit fed from a linear coupler 

în' k® given



Vo>in = To ^ i n  = "1 + jwC^ocH + <xaw2R2C<

1

where
0 ® tan“* (awCiR)

(6.7Q)

For a phase shift of -60°9 wC*R * /% . Substituting this in 
(6.70) it followss-

Under normal frequency conditions P J V^V^j * 0.5 and# 
therefore* the increment ” 8 " due to frequency deviation can be 
expressed as s-

waM will generally be little different from unity for practical 
applications.

Fig. (6.10) shows the percentage increment €  # against the 
frequency departure over the range of a » 0.8 to 1.2. i.e.
40 - 60 c/s. It is clear that expression (6.72) gives zero
increment at a » 1.0 » i.e. at 50 c/s.

It can be seen from Fig. (6.10) that & $ is always smaller
than the percentage deviation in the frequenoy itself. $he figure
also illustrates the phase angle error 0g p in degreest due 
to frequenoy deviation. For the practical range over which the
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frequency of the British grid system varies, i*e* between 

f  a 48 to 52 c/s, does not exceed, i  1°.

The input impedanoe of the two stage circuit, Pig* (6.7D), as 

seen between terminals ab is given by eqn* (6*60) and therefore 

a general relationship for V ^ /v^  can be obtained, tiamely

Tot/Tin *  n(i <o*0|R*) + jtoC2R(l + 2n)   (6*74^

I f  Mcew gives the actual frequenoy of the system as a fraotion 

of the normal value, (as the linear coupler output varies with 

frequency, as mentioned earlier), then s*»

vot/vin “ ^ot/^^in ** 77* - ™' s & \ V/T’" "2 / V""nv1 -* oc w Gg R ; + j(2n + 1)ot
***** (6.75)

Substituting for ajCaR ■ V / j  , for the required phase shift
then,

* a. t 5n i „ 1 ̂

  (6.76)
where

1 v ’/v 'II ° t  m |  -  £.(3 + # t ) v  + 12(Xan + 3i(. j r  t / a

*  .  tan-< J h i u i £>
n(3 -  a*)

  (6.77)



Pig. (6.10) shows the increment <£ in the output voltage for the 
two cases of n » 1 and 5 , against the frequency deviation as well 
as the variation of the angle jb as given by eqns. (6.77). It is 
noticed that for frequencies less than the normal value, i.e. 
a ■< 1 , the curve f6r the case of n - 1 gives higher errors than 
that of n = 5 while for a >  1 the n » 5 case gives a little 
higher error. However, for a practical range of frequenoy deviation, 
i.e. from f = 48 to 52 c/s, all three types of circuits give 
incremental errors of almost the same magnitude. They are a great 
deal less than the frequency deviation itself, e.g. the increments 
are within £ 2$ for a frequency deviation of £ 5$*

The error in the phase angle fb for a two stage circuit decreases 
as "n” increases and the limit would be that of a single stage 
circuit and, in this respect, a single stage circuit to produce 
the phase shift would be preferred.

For the oirouit shown in Pig. (6.9A), for a 60° voltage phase
v

shift, the output voltage 70  ̂, when Hcd!t are open cirouited 
is related to input voltage V^n by 5- ;

w * .  -  - i k r   <6-ie)

When the frequency of the system deviates from normal, the 
output Y0 .̂ related to a linear coupler input would be



Vot/Tln “ Vo</a'Tin 1 _ ■}/<1)ciaR “ /l + l/uaCta«aR*

where
$ *  tanr1 ( " w — j  

a «CiR
(6 ,7 9 )

For a voltage phase s h ift  o f + 60°» wGiR « V /3 and by 

su b stitu tio n  in  eqn, (6 , 79 ) gives :~

! Vo t /Vi n l  ** (6 ,8 0 )

From eqns. (6 ,63  and 80)* the inorement £  in  the output 

voltage due to a frequenoy deviation  is  given by * -

^  "  0 ,5  + t s s s s s  • * , * •  (6 ,8 1 )
’ /3  + a*

where *otn w il l  generally  be a l i t t l e  d iffe re n t from u n ity*

Eqn* (6*81) gives (5 ■ 0 fo r  a *  1*0, i* e *  a t normal frequenoy* 

Fig* (6*11) gives <5 %  due to a frequenoy v a ria tio n  over the 

range from 40 to 60 o/s# I t  also shows the e rro r in  the phase 

angle * Shis e rro r does not exoeed £ 1°  fo r  the p rao tio a l

range o f 48 to 52 o /s* I t  oan be seen th at generally  the inorement 

#  due to frequenoy deviation  is  always sm aller than the 

frequenoy departure i t s e lf *

I f  the two stage c irc u it*  F ig* (6*9C)» has been employed to  

produoe a voltage phase s h if t  of + 60°f i ,e *  «C*R -  /?  * then its
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behaviour under frequency departure can be analysed, in a similar 
fashion to that stated before, as follows*-•

vot/Tin ” n(R2waCae_ 1) _ + 2n) ^6*82^

If the frequenoy ohanges to <xfn then the output T'/T^ 1b 
given by

n Raa*«8Cga V0t/Vta - - ---— --- -
n/R*a*w*Ca** 1) - juaCgR(l + an) 

3n a* (6.83)
n(3a2 - 1) - i /? a(2n + 1)

Hence
' • i 3a*n / + ti°

£"n (3a* + 1)* + 3a*(4n + l)_7Vs 
where

«»*•* (6164)
Therefore

*Tot/Vin?" £*(3«* + l)*V3a*Un ♦ 1 >JY« .... (6*85)

Pig# (6*11) gives the inorement due to frequenoy deviations 
of i 20#, for two oases of n ** 1 and 5. In this oase * £ M 
increases as "n” increases for both oases of̂ ,,dw bigger or smaller 
than unity# For the praotioal range of frequenoy departure



between 48 to 52 c/s single stage as well as double stage circuits 
having n « 1 or 5 # have incremental errors of almost the same 
order namely less than 2#*

The error in the phase angle j& # eqn* (6*84), decreases in 
a two stage circuit as f,n" increases, reaching the limit as a 
single stage circuit as "a11 tends to infinity*

Prom the previous analysis and from Pigs* (6*10 and 11)# it 
is clear# however# that the incremental errors due to frequency 
departures are substantially less than the deviation in the 
frequency itself* Suoh a criterion is accepted for circuit? which 
are not seriously frequency sensitive#

It has been mentioned earlier that the voltage output of a 
linear coupler is in direct proportion with the frequency of the 
system. Therefore a phase shifting circuit of the type dlsoussed 
supplied from a linear coupler# assuming a constant primary current# 
would show an overall frequency error different from those obtained 
in Pig. (6.10 and 11). The overall error may be higher or smaller 
than that of the circuit alone# depending on the sign of the 
frequency deviation*

Suoh cases may be better illustrated in the following two 
examples

(a) Taking the case of the composite 2 stage circuit#
Pig# (6#7D)# for a 60° voltage shift and having n =5 5# This circuit 
gives d! m + 5*6 # at a frequenoy of 45 c/s* At this frequenoy
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the output voltage of the linear coupler* assuming a constant 
primary current* would he a times Vn at normal system frequency* 
i.e. 0*9 'Vn*

The overall error § 0 is given by

£ 0*  = 100 Z"a(vn t £/«x>) -  v 7  -  100 Z"vn (a - 1) * T $ J

..... (6.86)
Henoe =—3.76 for a frequenoy deviation of - 10$.

(b) On the other hand for circuit* Pig. (6*90) and for the 
case of n * 5 * |§ * *- 4*2$6 at 45 c/s* Then the overall error 

as given by eqn. (6.84) would be

* *" 10*75̂  for ~ 10# frequenoy deviation*

This last oirouit would give an overall error of the same 
order as the frequenoy deviation. This effeot and the way to 
overoome itpin the design of the final selected oirouit̂ will be 
discussed in seotion (6.3*5)*

Prom eqn* (6*86) it can be seen that the overall error,
£0# increases or decreases w.r*t. n£ n * depending on the'sign

. - I
of » » h an(j on whether the value of "a" is larger or smaller 
than unity*

6*3*5 The Effect of Loading
In the previous sections no consideration has been given
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to the effect of the load on the performance of the phase shifting 
circuits# It has been assumed that the output terminals ttodM , 
Figs. (6.7 and 9), are open circuited or, in other words, the 
loading effect is negligible# This effect can be considered further 
and may be analysed in the following manner s-

The circuit, Pig# (6#12A), viewed from its output terminals 
»*cdM represent an impedance 2^ when the voltage souroe V̂ n is 
equal to aero, i*e# short-circuited# It is also assumed that the 
internal impedance of the source is zero, or it is included in the 
circuit behind wabn* Pig# (6*12B) shows, therefore, the equivalent 
circuit, where V0  ̂ is an equivalent souroe being determined by 
the no load conditions, i#e* equal to the open circuit voltage V0  ̂
between t,odtt when Zj, ~ cO * ‘

The load current and voltage Vj, can be determined from,

The voltage can be expressed by the short-oirouit current 
I0̂  which flows when the terminals "cd11 are short-circuited* 
Therefore

II + % (6.87)

and
(6.88)

ôt ■ *od° (6.89)

Substituting in eqn. (6.88). it givess-
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VL - W < * L  + ♦•••• <6*90)

where TL is the load admittance
is the admittance of the equivalent source V0.

Consequently the load current is given by s-
Icd

11 ‘ ' ♦ <%/*> <6'9,)
\

. The method of analysis described above is important from the'
practical point of view because both the open-cirouit voltage ôt
as well as the short-circuit current I0a can be measured easily 
$nd henoe. Zfa and can be determined from eqns* (6*89 and 
91) respectively* This method would eliminate any tedious calculations 
to determine 2 ^  for complicated circuits already available» thus 
providing an easier way of studying the effeot of the mature of the 
load oh the circuit.

Applying the analysis mentioned above on the oirouit̂  of 
Pig, (6.7A) ,

%  “ 1 + juCiR........................................ (6.92)

Sinoe the circuit is designed to give a voltage shift of 
- 60° f then 10Q 1R  * /% and the ref ore,

%  “ f • 0̂° ••••• (6*92a)

The voltage of the equivalent source V0  ̂ is giveh by eqn. (6.69)
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as,
_ Vln 

ot ~ 2- —  . /- 60° ..... (6.93)

In evaluating Y0j. , calculations are simplified by taking 
as reference*

The equivalent circuit is therefore as shown in Fig* (6*120) 
and the short-circuit current

*cd * în/̂  ® /0° ***** (6*94)

The load current 1̂  as given by eqn. (6*91) is therefore,
S Iod

II = 1 + (22l/r Aeof = R(1 + 2Zl   (6,95)R

The voltage Vĵ across the load given by eqn* (6*88) will 
therefore be ,

- W < 1 +T T ^ y  , ••••• (6.96)J]

qns* (6*95 and 96) give the relationship between the input 
voltage , of the linear coupler, and the load current and 
voltage, Ix* an  ̂ respectively* Thus the output of the phase 
shifting oirouit oould be stated in terms of voltage or current

S '

as the case may require«
Linear couplers are considered as voltage sources having an 

output, on open circuit, proportional to the primary current#



It would, therefore, be preferred to state the output of the 
segregating circuits associated with linear couplers in terms of 
output load current than output voltage* A relationship between.the 
primary currents and the segregatingnetwork output load ourrent 
could then be easily established as in seotion (6.4.2).

It can be shown that if Zj, is resistive, say Rjj , and
if,

rL h oi“ 2Rl/R »  1 ..... (6.97)

then eqns. (6.99 end 96) give !-

IL «  7l” {"6°1 -■ W r l and VL ~  Vot  (6.98)

The magnitude and the phase of the output current ip. the load 
Rj, are the main factors in assessing the behaviour of these phase 
shifting circuits which form a part of the segregating network,
Fig* (6*6). On the other hand there are other factors, e#g. 
sensitivity to harmonics and frequency errors which also have to 
be taken into consideration*

For the circuit of Fig. (6.9A), the output voltage 70t 
given, taking V£n as reference, by eqn. (6.78), namely

Vot = Vln/1 - jwCiR

For a *f 60° voltage phase shift wC*R « V/J t thus its
open-oircuit output voltage is ,



Vet = (6̂ 99)

I f  a re s is tiv e  load Rj, is  connected* as in  Figf* (6*12A)* between 

the output term inals ”odH and by fo llow ing the analysis given in  the

where R j/R  »  1

Eqn, (6*100) shows th a t th is  current I j ,  is  in  phase w ith  vo t*

Suoh a phase s h iftin g  c irc u it*  F ig* (6*9A) is  more vulnerable  

to  harmonics present in  the supply source than those o f Pig* (6 .7 ) .

wave shape was severely d is to rted  from being sinusoidal*

Xt is  worth noting in  th is  respect th a t the output voltage  

o f a lin e a r coupler V±n  * on open-cirou it is  ■ jumlp * and in  

the case of presenoe of harmonics in  the primary current Ip  * 

the output voltage Vin w il l  have a higher harmonic content 

than Ip * Each harmonic w il l  be m u ltip lie d  by a fa c to r equal to  

the order o f the harmonic, i * e ,  3 fo r th ird * 5 fo r  f i f t h  haraonio 

and so on*

I t  is  reasonable therefore to  assume th a t the presenoe o f 

these harmonios may be s ig n ific a n t only in  oases o f maximum loads

previous oase* i t  can be shown th a t

(6*100)

and *akea an angle + 60° v . r . t .  the input voltage Yin .

With lin e a r oouplars, as voltage souroes, the output voltage (V0^)



associated with low fault settings, e.g. an earth fault on 
resistive earthed systems accompanied by heavy load currents, 
having a large harmonic content* In other fault cases this is 
not the case, as' fault currents would he almost free from harmonics* 
However, it is favourable to choose circuits which are less 
sensitive to harmonics than that shown in Fig. (6*9A). A circuit 
of the type shown in Fig* (6*7A) offers attenuation to harmonics 
present in the input voltage , and the output wave shape would 
therefore be very muoh less distorted than the previous case*

Fig* (6*7B) shows a circuit of the same nature as that of 
Fig* (6*7A), but designed to introduce a voltage phase shift V0# 
of - 30°# see Fig* (6*70). Ehe output voltage, on open-circuit 
V0# , taking V^n as reference, is given by s-

If a load Zl is oonnected to the terminals "od” in the way 
shown in Fig* (6*12A), then the load current Ij, , fallowing 
the same steps as the previous analysis* given by eqn* (6*91) 
will be*-

To« ■ Tot - Vln/(1 + juC.R) * * * # * (6.101)

(6.102)

(6.103)
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I f  ZL is  composed o f a capacitance Cjj , therefore  

Zt, = -  3/w Gl and i f  | ZjJ »  R, i*e *  1 , then

the current I j ,  is  given by

II - 4  Y*n* ̂L- Z§0 " • /■■Lip.0. ..... (6.104)

From eqn* (6*104) i t  can he e a s ily  seen th a t the magnitude

o f the load current is  given hy d iv id ing  the value o f the open-

o iro u it VQt hy the magnitude o f the load impedance ZL , and th a t

leads the reference voltage V in hy 60®.

Comparing eqn. (6 . 100) w ith  eqn* (6*104) i t  can he seen th a t

they give the same re s u lt as fa r  as the angle o f the load current

is  concerned and the magnitude o f the current is  given hy

|Votl/|Zl.i in each oase* I t  is  also noticed th a t the value of
V0t  in  the f i r s t  oase is  Vj^/2  w hile in  the seoond oase i t  is  rs
—  V in t i« e * the ourrent Ix, in  the seoond oase is  times 

the other i f  R l *  I Zj, | *

As a consequence o f th is  an a lysis , the second o iro u it 

discussed oan he used s a tis fa c to r ily  in  plaoe o f the previous one 

thus avoiding harmonie s e n s itiv ity , p a rtic u la r ly  w ith  lin e a r  - 

couplers as voltage souroes* I f  equal load currents I j ,  in  the 

two oases are required, fo r  the same input voltage f then  

\Z^\ should he / ?  Rj, • This oan he seen, a t once, hy comparing 

eqns* (6*100 and 104)* By doing so and re fe rrin g  to  the 3 phase 

segregating o iro u it F ig* ( 6 *6 ) ,  where two types o f phase s h iftin g
t



circuits for 1 60° shifts are used on phases "B and C% this 
ensures equal sensitivity or equal settings on phases f,B and Ctt.
The circuit on phase nAn has to produce no phase shift and in order 
to obtain a setting equal to the other two phases this circuit has 
to he a resistive potential divider givixig an output voltage at 
point HaH, Fig. (6*6), equal to V0̂ of the phase shifting circuit 
on phase "C11 * As a result of the nature of the design of this 
segregating network, Fig. (6.6), the impedance presented to the 
linear coupler on each phase, i.e. the burden/phase, is a complex 
one having different phase angles.

Nevertheless, equal magnitudes of the burden/phase can be- 
obtained by the proper scaling of the impedance elements of the' phase 
shifting circuits.

6.4 Fraotioal Design.,.Considerations
It has been mentioned earlier that the segregating circuits, 

fed from linear couplers, are designed to produce an output signal 
which will serve as a relaying quantity. The different relaying 
quantities adopted in the present scheme and their function are 
described in section (4*2). The coefficient M in the relaying 
combination (Mia - Nil) eqns. (5*1), can be evaluated from the 
segregating circuit constants as explained in section (6.3.1),
The ratio pf the coefficients (m/n) « a , is made variable over 
a wide range to meet different choices other than the recommended



a = 6*

6*4*1 Linear Couplers Output
Linear Couplers have in general low VA output, hut, as 

mentioned earlier, sufficient enough for transistorised schemes- of 
the type described in this work. The linear couplers outputs arc 
applied to segregating networks which in turn produce relaying 
signals fed to transistorised relays where input signals of the 
order of a few milliamps are considered quite adequate. It is 
demonstrated here that linear couplers are suitable for such 
schemes*

The maximum fault current level in England and Wales for tha
(12)new 400 K.V. super-grid may reaoh 60 KAV ', but for moat of the 

other grid and distribution systems a fault level ranging from 
20 -  40 KA is quite normal.

The output of the linear couplers incorporated in the developed 
scheme, or their transfer impedance, is approx. 10 v/KA primary 
current. Assuming a through fault level of the order of 40 -  50 

times full rated current of say 0.5 KA, then the output voltage of 
the linear couplers, on open circuit, would reach under such fault 
conditions 200 -  250 Volts. Such high voltage outputs would have 
very short duration, of the order of few secs., and therefore a 
much lower value could be adopted as a design value for the 
continuous rating of the segregating circuit elements*



The lin e a r couplers used, in  conjunction w ith  the developed

scheme, are constructed from 22 or 20 S.W.O* w ire which oan stand

a steady s ta te  current o f 0*5A* Under fa u lt  conditions, assuming

an o p en -c ircu it voltage output of 200 v/phase, a maximum output

power o f 100 VA could he supplied, from the lin e a r couplers* When

the lin e a r couplers are operating w ith  load burdens in  the
(21)secondary c irc u its , the output power is  g re a tly  reduced , unless 

they are operating near o pen -c ircu it conditions*

The eqn* governing the re la tio n sh ip  between the open-cirou it 

secondary voltage V0#0  ̂ o f the coupler and the primary current 

Ip  is ,

▼0.0. * m̂oIp (6.105)

where Nmn is  the mutual secondary reaotanoe*

Under any p a rtic u la r load burden oondltion the coupler output 

oan he w ritte n  a s :-

vt  «  K . Xp   (6 .1 06 )

lfhere K is  a constant depending on the load and the ooupler

impedanoe*4

Let the secondary inpedanoe o f the ooupler he 

Zc /0« » r0 + jom ..... (6.107)mmmmm

where r 0 is  the secondary resistance and i t  should include 

the leads, i f  any*



For the p a rtic u la r ooupler a used here# Z0 is  assumed to he 

30 ft f fo r  design purposes, oomposed o f equal re s is tiv e  and reac tive  

parts eaoh about 21Q , in  fact Z0 was around 22Q, section (6 .2 .7 )*  

I f  H2^N is  the load impedanoe, then the coupler seoondary 

cu rren t, F ig . (6*13A), is

The secondary voltage across the to ta lb u rd e n  is  therefore  

given by * -

?t  -  i  Zz/fia.   (6 .109 )

Substituting fro* sqn. (6.108) into eqn. (6.109) gives t-

Tt - iZa/fe - •--- -5— -P---—  ..... (6.110)
(1 + •=£ “ ̂ H)ZR

J’rom.qns. (6.105) and (6.106), sqn. (6.110) oan be pat in $h. 
form i-

▼t - Tec/*1 + £  l&LZM) "
z . . . . .  (6.111) 

where K m $m/( 1 + /to - jfeA

In order to obtain a rather appreciable output from a 
ooupler it should work near open*»oireuit conditions, i.e. 

<£< 1* For such a case eqn* (6*111) becomes *-
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Vt  “  i . Z R. / ^ R  vo ,c . * • • • •  ( 6 . 112)

From eqns. (6*111),  i t  can be shown th at

i *«i - iv . j  / / - , , & ) . „ ! • . „ ,  j ' uZR ZR

where 0 * fa ~ fa ,
  (6 ,113 )

Eqns. (6 ,113 ) show th a t due to the fa o t.th a t the segregating  

networks present d iffe re n t impedances/phase on the lin e a r couplers, 

and assuming, as mentioned in  the previous section, th a t the 

amplitudes o f the ooupler loads/phase are made equal, then due 

to the d iffe re n t burden angles. an erro r w il l  be introduced 

in  the settin g s of the d iffe re n t phases* This may be illu s tra te d

in  a b e tte r manner by evaluating the v a ria tio n  in  the fa c to r K

o f eqns* (6 *111) ,  fo r  the d iffe re n t phases*

The p a rtic u la rs  o f the lin e a r couplers are

20 Si 300 /45° V0,e, d  10V/KA primary current,

and a design value of Zr about 450Q#

There are th re * d iffe re n t oases fo r th e , phase angle of the 

input impedance of the segregating network namely,

® * * #0# ® ^5°  * fop **® is tiv e  o iro u it on phase k

fhio" ^30° ,  i . e .  9 m  75°  , fo r phase s h iftin g  c irc u it on

phase C



J#rb = -  60°, i . e .  © = 105°  , fo r phase s h iftin g  o iro u it Oh

phase B*.

Evaluating the values o f as given in  eqn, (6*113),

taking | % A| -  l%tg| » J%q| *  450  Q  , fo r  the d iffe re n t  

values o f ©° given above th ere fo re ,

|v t | A 0.96 v0. 0 .

|Vt j B = 1.018 V0<0, . . . . .  ( 6. 114)

N o  - 0-98 T0.o.

Eqns* (6.114) show th a t the d ifference between V t fo r  

the three phases is  qu ite sm all, in  fa c t the d ifference on prim ary 

earth  fa u lt  se ttin g s , taking an average « 0,99 V0#0#, would 

be less than i  3&

6.4*2 Oirouit Arrangements for Relaying Combinations
I t  has been mentioned in  the in troduction  o f th is  oh&pter 

th a t three re lay in g  q u an tities  are required in  the developed 

protection  scheme namely q u an tities  proportional to the positive  

sequence component, the negative, and the zero sequence component 

of the fa u lt  current* F ig* ( 6 *6 ) shows a c irc u it to ex trac t the 

negative sequence component o f the fa u lt current* The p ositive  

sequence component can also be extracted in  a s im ila r manner*

Eqns* ( 6 . 1 ) fo r  the p o s itive  sequence oan be re w ritte n  a s * -



vai = 1 (VA - VB /-60°_ - V0 Z+60°) ..... (6.115)

Fig# (6 .14 ) shows the c irc u it which represents eqn. (6.115)  

and in  a s im ila r way to  th at o f eqn. (6*54) i t  can be e a s ily  

shown th at

*4bi ® ki • vai
  (6.116)

30/
where k i is  a constant « / ^Li

and “C1* is  the attenuation  fa c to r o f the phase s h iftin g  

The reversing transformers on the phases "B and CM oan be
. ' y . f 1 , ‘ /  ‘ , v  ■ .

elim in ated , by reversing the connection o f the couplers to  

obtain the veotor ( -  V-g and -  Vq) , This can be done when the 

couplers supply only th is  segregating c ir c u it , o r couplers w ith  

two windings have to be used.

F ig* (6*15) shows the o iro u it to extraot the zero sequence 

current as given in  eqns. ( 6 . 1 ) .

I t  can be e a s ily  seen th at

* ^o v vo
(6.117)

where Icq is  a constant *  V r0 

For a l l  the 3 segregating networks shown in  F ig s . (6 .6 ,
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FIG« (6,14) POSITIVE SEQUENCE SEGREGATING CIRCUIT•
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RIG. (6.15) ZERO SEQUENCE.EXTRACTING CIRCUIT.



14> and 15) the output currents ±iz f ijI1 and respectively
are proportional to the negative, positive and zero sequence 
component voltages of the coupler secondary output voltage # 

According to eqns, (6,45# 105 and 106), it can be seen that 
iĵ  , ijl1 , and i^ are proportional to the sequenoe components 
of the primary current “Ip11 , of phase “A1**

If the sequence component currents of any phase other than *A* 
is required to be present in the relaying quantity combinations, 
e#g# as in Chapter (5) eqns, (5#1)> this can be achieved by the 
proper vector rotation of the input voltages either by a or a1, 
i,e. simply by interchanging the phases#

In Figs# (6#6* 14 and 15) the three output currents ljJft , 
ijl1 and i^ are flowing in the relay impedance Br connected 
across the terminals Hmn” , Hmini% and MmonoH respectively;

The relay input impedance By should be very small 
e#g# compared to RL or Ro , i.e. The value ot
the input ourrent to the relay, for a transistorized amplifying 
stage, would be only a few mllllamps#

In order to obtain a relaying quantity, from the 
segregating circuits, in the form given by eqns* (5*1)» it is 
therefore necessary to feed both the positive sequenoe current 
plus, the negative sequenoe current into the relay# This oan be 
easily achieved by paralleling the output terminals wmnH and 
"mmi*, Figs# (6*6 and 14), across the relay impedance By and



therefore the ourrent flowing in the relay lm would be the
sun of i|,# and ijl1 # By substitution from eqns# (6.54 and 116)
it gives i-

IB - ii, + iL| - -(- k, va i + ka Va#) (6,118)

Substituting from eqns. (6.105 and 106) in eqns. (6.54 and 
116). hence

la “ ” j«a(- k* Iai + k* Ia#)

- - (H I» - N I,)
..... (6.119)

where M * umkt and N * mki
From Figs* (6,6 and 14) and eqns* (6*54 and 116) it oan be

Rliseen that (H/n) « kf/ki » 9 and therefore by changing the
ratio of these two resistances different values of a « (m/*0
oan be obtained# This arrangement of feeding into the relay a 
ourrent i In 9 having a variable negative/positive sequenoe component 
by changing R& and R|i1 may be a little difficult for practical 
purposes# By changing either of these resistances the settings 
ohange9 i.e. ourrent in relay for«certain Ip 9 also the ohange of 
Rj, and Rjl1 affects the behaviour of the phase shifting circuits 
as can be seen from eqns# (6*97 and 100)9 therefore another 
method of oombining the sequenoe currents in the relaying element 
has been developed as explained later in section (6.4*4).



However* this arrangement of choosing a certain value for 
(Rĵ /Ri) is very practical for schemes which operate at constant 
a t e.g. the recommended value of ct * 6. This fixed value of a 
can then be taken into consideration from the start in designing 
the phase shifting circuits.

6.4*3 Calibration and Adjustment
The procedure followed in calibrating these segregating 

networks is similar to that mentioned in seotion (6.2.1)• This 
method is simply summarized in applying an accurately balanced 
3 phase supply to the segregating network but with an opposite 
sequenoe of rotation, e.g. positive sequence voltages to the 
negative sequenoe segregating network* Fig. (6.6) and vice- 
versa for the circuitf Fig. (6.14). Then by trimming the 
resistive branches9 rather than the capacitive ones a zero 
output ourrent (ij,) can be ideally obtained, and the circuit 
would therefore act as its nil indicator. In practice a zero 
output is only obtainable when the supply is purely sinusoidal 
and generally a very small output oomposed mainly of harmonicŝ  
e.g. mostly 5^  harmonic for a negative sequence segregating 
oirouit as it has negative sequence rotation.

Fig. (6.17 A and B) show the output of the negative sequenoe 
segregating circuit* for Rr » eo and 100 Q, when a three 
phase positive sequenoe supply is applied to it. The voltage



of phase A (-Va) *-s also shown in Fig. (6.17A) for comparison. 
The harmonic content is enlarged about 25 times to the voltage 
soale of phase “A". It is also noticed that this harmonic 
output increases with the increase of the supply voltage.

From Fig. (6.17) it can be seen that the harmonic output 
is superposed on a small component of 90 cycle fundamental wave. 
In fact this was traoed to be due to a small error of unbalance 
in the applied voltages and the reversing of the voltage of 
phase A introduced also another error in the angle between the 
phases. Fig. (6.17 A and B) show that the magnitude of this 
output due to the harmonics and the errors in the supply does 
not exceed 1*5$ * when Rr * 100 0. However* the fault current 
may well be assumed harmonic free and therefore the outputs of 
the linear couplers would have a degree of unbalance not more 
than that existing between the primary ourrents.

The positive and negative sequence segregating circuits 
were adjusted in the manner mentioned above. The performance 
of the zero sequence segregating circuit* Fig. (6.19)* depends 
on the aoouraoy of the 3 resistive branches Rq and therefore 
it is preferred to have the toleranoe between them as small 
as possible. High stabilised resistances with a toleranoe of 
-0.5% are used to ensure higher accuracies.

The third harmonic in the supply appears in the output of 
this oirouit* as shown in Fig, (6.17 C and D) for Rr « ©°'j
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(b) To Starting Circuit (1)
(c) To Squaring Circuit

PIG. (6.16) COMBINED CIRCUIT ARRANGEMENT
FOR RELAYING QUANTITIES.
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(A) and (B) Negative Sequence Segregating 
Circuit Output
at &r= <?o , 100 &  , respectively*

(0) and (B) 2ero~$equence Segregating 
Circuit Output
at &  t 50 ̂  $ respectively.
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50 Q respectively. The harmonic scale is 25 times as large as that 
of the phase voltage shown in the oscillograms*

6*4*4 Combined Oirouit
The final segregating circuit arrangement for the relaying 

scheme is shown in Fig* (6*16), Three output quantities are 
derived from the circuit and supplied as relaying quantities#

(a) A quantity in the form (Mia - NIi) is used as an input 
to the squaring circuit, sec# (8*2), representing the phase 
angle of the fault current*

(b) Two starting signals proportional to the positive and 
zero sequence component of the fault ourrent, fed as inputs
to starting circuits (l) and (2), section (8*3)#

Bach of the two fault detecting circuits, fed by a signal 
from the circuit Fig# (6*16), has a transistorised amplifying 
input stage of the common emitter configuration* Such a circuit 
is characterised by a high input impedance in the order of 
Kilo ohms. Another factor contributing to the increase of this/ 
impedance was the practice of inserting the resistance in ’ 
the emitter circuit̂  Fig, (8,3)#

The voltage inputs to the starting circuits* i#e* the 
starting signals are given, as shown in Fig, (6,16) by
v0f * 2£oro vt* * ii'.xi*'*!1 ***** (6,120)

where xi .is the setting of the divider n ’* The value



r i G . 6 .1 8 .



of r0 is fixed theoretically by the criterion that the appearance 
of any zero-sequenoe indioates a fault* In practice, a minimum 
pick-up level is always considered to avoid initiation of starting 
signals due to small load unbalanoe, or capacitive currents 
of feeders, which have a zero-sequenc%̂ nature and third harmonio 
content, if any, under heavy loading conditions# In the relaying 
scheme, however, even the initiation of the starting circuit would 
not cause maloperation under healthy feeder conditions as the 
currents at the two ends are almost 180° out of phase, section (8*4)

The input signal va shown in Fig* (6*16) to the squaring 
circuit of Fig# (8.1), oan be seen to be in the form (MI# - NIi)*
The ratio ot » (100 can be varied by the setting x of the 
divider rg in addition to the design factor of Hlj/Hl , as 
explained earlier, seotion (6#4#2), where El* the parallel 
combination of rjJ1 and pl*1 # Fig# (6*16).

Fig* (6#18) shows the front and the back views of the 
negative sequenoe segregating network*
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CHAPTER 7
„ ' _ Nw

CHARACTERISTICS AND SIMULATION 
OP PILOT-WIRE CIRCUITS

7*1 In troduction

The previous chapters have dealt w ith  power system ch arac teris tics  

and th e ir  associated problems as fa r  as re lay in g  q u an tities  ^nd 

th e ir  d e riv a tio n  are concerned*

The aspect o f p ilo t c irc u its  must also be considered in- order 

to  a rr iv e  a t a s a tis fa c to ry  design fo r any p ilo t-w ire  scheme* 

Subsequently, i t  is  therefore necessary to study the ch aracteris tics  

of p ilo t  c iro u its  and to construct a r t i f ic ia l  c irc u its  to' sim ulate 

p ra c tic a l p ilo t c irc u its  conditions# The provision o f such c irc u its  

fa c ilita te s  the study o f the performance of p ro tective schemes and 

leads to some more design d e ta ils *

P ilo t c irc u its  f a l l  broadly in to  two categories, p riv a te ly  

owned and rented#

The p riv a te ly  owned c irc u its  are in  general more re lia b le  

than rented c irc u its , since they are less exposed to outside 

in terferen ce* They are usually  shorter than rented c irc u its , 

six^oe i t  is  uneconomical to run p riva te  p ilo t c irc u its  over long 

distances*

P ilo t w ire feeder protection  sohemes fo r lin e s , between 

30  -  40 m iles, are more a ttra c tiv e  economically than o a rrie r



current, or distance protection schemes. This has led to the* 
development of protective sohemes suitable for use with G*P*0* 
rented circuits and, as mentioned in Chapter (l), their use 
introduced special problems*

In general, the most complicated and cumbersome type of pilot 
circuit® used for protection purposes are those rented from C>P*0» 
A protective scheme which provides successful performance over 
a long rented G.P*0* oirouit will, in principle, be satisfactory 
over private pilot circuit and perhaps with considerable 
simplification,

7*2 Some Problems Associated with Q.P.Oi Pilot Oirouit8
- * , s * . *
As mentioned earlier, the use of G*P*0* rented circuits 

introduces some problems and imposes limitations on associated 
protective schemes*

The G*P*0* stipulates that the peak core to core pilot 
voltage shall not exceed, under maximum fault current, 100 V peak* 
In some cases special dispensation has been granted and the highest 
figure so far approved is 135 V peak* These are, however, short 
time rating values applicable to fault conditions* The permissible 
continuous voltage levels are much less than these* All equipment 
connected to the G.P*0* pilot oirouits shall have an insulation 
barrier of 15 kV (for 132 kV systems) between the pilots and 
all equipment associated with the power system, including the



station or substation earth* This is usually achieved by the us$ 
of isolating transformers*

-Another consequence to the use of rented circuits for 
protection purposes is that the equipment shall not be capablê  
of being operated by MG*P*0* Personnel11 when testing circuits for 
fault location* Although the G,P*0* agree to take special 
precautions with rented circuits as far as possible, they reserve 
the right to have access and interfere with the pilot circuits at 
any time during testing or fault locating* During this procedure 
they may apply test signals of d.c*, 17 o/s or audio frequency, 
to the pilots. Any pilot wire scheme must, in consequence, be 
incapable of being operated from the pilot circuit side* This is- 
achieved by incorporating ourrent operated fault deteotors or 
starting elements*

Due to the possibility of human interference it is therefore1 
required that the G,P.O, pilot circuits shall be supervised 
continuously and all modern pilot-wire schemes include a d,c. 
pilot supervision equipment to detect pilot open circuit, short 
circuit and oross over* At eaoh end polarised relays detect 
these conditions and give a time delayed alarm, as given in 
section (U2#1)« The d*c* for supervision must not, under any 
conditions, be oapable of operating the protective relays* It 
is desirable that the supervision current flow shall be Interrupted 
as soon as a fault condition is detected by the fault detectors so



that the protection pcheme cannot he mislead by combined a*c* 
and d*c* signals*

The most important practical feature of G*P*0* circuits ie 
that they comprise different conductor sizes connected in series* 
with, and in most cases, without matching arrangements between 
the different sections* A practical circuit is, in fact, a 
complex (RCL) four terminal network* The resistance and capacitance 
are the normal properties and the inductance being mainly due- to 
loading coils added to trunk circuits in order to facilitate speech 
transmission*

A typical pilot circuit will comprise loaded and unloaded 
sections and may well contain different conductor sizes on each 
side* This practice results in completely unsymmetrioal pilot 
circuits, i*e* the open and short circuit impedances at both 
ends are different, although for a linear circuit, the ratios of 
the two impedances will be the same at the two ends*

7*2*1 Loading of G*P*0« Circuits
Inductances are added to cable pilot circuits mainly to 

eliminate transmission distortion at audio frequencies* Three 
different loading methods are practiced*
(a) By means of inductance coils inserted in series at regular 
intervals plong the line*

(b) By the provision of one or more layers of iron, or some sort



of an iron alloy, wire wound on eaoh core of the pilot circuit*
This method is known as continuous or uniform'loading,

(c) By "patch” loading which is an arrangement whereby the pilot 
cores are continuously loaded for 200 yards, unloaded for the next 
200 yards and so on, throughout the length of the cable,

however, the presence of inductance (loading) on G*P*0, circuits 
adds another hazard to the protective gear designer where the pilot 
circuit is considered a pure resistive/capacitive circuit*

7*3 Derivation of Equivalent Circuits for G«P.O. Pilots
From the previous section it is seen that G*P*0* pilot oireults 

are by no means symmetrical, i*e* a considerable degree of 
unbalance is usually present between the pilot circuit as viewed 
from its two ends* This may be attributed to, one or more, of the 
following causes:-

(a) the use of a number of different conductor sizes to fora one 
circuit,

(b) the use of different loading coils spacirigs and sizes, over 
the pilot route,

(o) The use of paralleled cores on some sections of the pilot 
circuit.

It is clear that the amount of unbalance depends on the 
pilot-oiroiiit constants and whether this is tolerable or not



depends on the particular soheme of protection conoerned*"\
With an unbalanced pilot circuit the compensating (replica) 

impedances etc*, in a differential soheme, will require different 
settings at the two ends and therefore in order to determine the 
suitability of.any pilot circuit for its intended application it 
is desirable to measure the degree of unbalance present. The method 
usually adapted is the calculation of w-equivalent circuit of 
the line from the measurements of open-cireuit and short circuit 
impedances.

7*3.1 Measurements on G.P.O* Pilot Circuits
In order to obtain the pilot circuit constants and hence to 

find the w-equivalent of a certain line it is necessary to determine 
first the ©pen-cirouit and short-circuit impedances, measured from 
each end# (These impedances are usually measured by an A.C* bridge 
method. The w-equivalent circuit obtained from these measurements 
would be the equivalent at the frequenoy of the bridge supply, 
which should be truly sinusoidal to avoid any errors due to 
harmonios#

The four impedances of the piloj; circuit to be determined 
are:-

20.0,(1) “ input impedance measured at end (l) with end 
(2) open-circuited



Zq#c#(3) - input impedance measured at end (2) with end
(1) open-circuited

Zs#c#(l) “ input impedance measured at end (1) with end
(2) short-circuited

Ze,c»(?3 ■ input impedance measured at end (2) with end
(0 short-circuited.

Some indication of the accuracy of the results can be obtained 
by checking that the ratios Z0#0,(l)/2 and Za#0#(l)/28*0* * * S.C.
are identical, provided the measurements are correct and no non­
linear components are present in the line circuit.

The w-equivalent circuit of the line is obtained from the 
following equationss-

-  A s . o . 2 { * s . o  . ( 1 ) -  * 0 . 0 . (1) }  _7^*»hOB

..... (7.1)
*1 ■ 7s.c.(i) - I* mhos ...*. (7.2)

and T* - *s.o.(2) - *3 mhos (7*3)

where I3 - the admittanoe of the series arm of the
w-equivalent oirouit 

Ii and Y* are the admittances of the shunt arms of the
w-equivalent at end (l) and (2) respectively 
as shown in Fig. (7.1)
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Long Pilot. 7

EIG._ (7.1 ) * and T EQUIVALENTS POR PILOT CIRCUITS.



The relation between the w-equivalent, or its dual the 
T-equivalent, circuit and the constants A, B, C and D of the 
complex four terminal network is given in Appendix (i )#

It is clear that this w-equivalent circuit represents the 
pilot-circuit only at the frequenoy at which the measurements were 
carried-out# For short lines the w-equivalent components 
approximate to the values expected from the known line constants, 
but for longer lines this state of affairs is no longer true#
For long lines, e#g# 50 miles and over, the series arm admittance 
would represent an effective admittance, a fictitious one, whioh 
differs considerably from that calculated from the line constants# 
These equivalent impedances are such that w-equivalent circuit 
characteristics are identical to those of the line, at the 
frequency concerned, regarding attenuation and phase shift#

7*3*2 Determination of the w-Equivalent Circuit from 
the Line Constants 

As mentioned earlier most C«F#0# cirouits are composed of 
several section of different conductor oore sizes both loaded 
and unloaded, but where the core size and loading conditions are 
constant throughout, the w-equivalent circuit can be calculated 
from the lino oonstants*

Thus, lot H* m loop resistance ohms/mile 
L1 m indue tanoe in H/mile



O’ * shunt capacitance in F/mile 
G* * shunt conductance in mhos/mile*

The characteristic impedance of the line is given by5- 

Z0 » £ “(R' + JmLO/Cs' + juc' )_7l/*ohms ..... (7.4)

and the propagation constant w 11 is given by:-

£"(R' + J«L»)/(G' + iuc')J^Z m a +JP ..... (7,5)

If Z represents the series arm impedance of the n-equivalent 
circuit, X is the admittance of the two shunt arms Fig* (7.1C), 
and the length of the line is £ miles* Then it can be shown

*» Z0 sinh

* Z0 /"sinh a£*cos pi + j cosh ai* sin pJi J ohms
..... (7*6)

£"sinh ad - 3 sin p £jfm 1 1 ....... . - mhos *•*.. (7.7)Z0 £ cosh + cos pSI J

Applying this to a practical G.P*0* circuit of 20 lb/mile 
conductor for the following oases:-*

(a) Unloaded 20 lb/mile conductor*

The theoretical 50 c/s u-equivalent oirouit components 
are given in Fig* (7*2) for a length up to 30 miles* The line

thati-

Z

or Z 

and X



F
IG

.7
.2

. T
H

E
0R

C
T»

C
A

L‘
TT

"0
IA

C
»A

« 
c

o
m

p
o

n
e

n
t
 

CO
M

PO
NE

NT
 

VA
LU

ES
 

AT
 

5
0

c
/s

 
FO

R 
?

0
L

B
/M

IL
E

 
U

N
LO

AD
ED

 
PO

ST
 

O
FF

IC
E 

L
IN

E
.
O

(N

o

v_
L_

0-3 0*1
d’rv' Nl 0 3 3 N y i O V d V 3  1N n HS

 (  —    — 1     -
0002 000 ‘ I

SHHO Nt d 30NVlSiS3d W d V  S3ld3S

S W H Q Nl J  3 0 N V l S l S 3 d  ^ t i V  1NHHS

1 : : : t” “  10-Z 0 1 0
S3 Id N 3 H N i , 3 BDNVIOOQNI VNdV $3ld3S

Ll
Ht
 

lc
nc

th
 

in 
mi

le
s



197*

constants* on which these components are evaluated* are as follows$~

R1 * 88 ohms/mile* L* » 0*001 B/mile
C* « 0*065 pF/mile* 0r ■** to-6 mho/mile

(h) Loaded 20 lb/mile Cohduotor*
She line is assumed to be loaded with 88 mH per 2000 yards 

and the oirouit constants» including the loading coils, ares-

R1 * 92 ohms/mile, L1 * 0.0785 H/mile
0* * 0*065 nF/mile* Gf* * 10*̂  mho/mile*

Fig* (7*3) gives the components of the 15-equivalent oirouit 
for line length up to 30 stiles*

- ■ . _ . • • 1 .
7*3*3 T-Eouivalent Oirouit
Referring to Fig* (7* 1b), it is sometimes more oonvenient to 

represent the line in its -̂equivalent oirouit* The values of 
oomponents can be evaluated from the liijie input impedances 
2o*c*(i)» ^0#0#(2) and 2a*c*(l)» zs*o*(2) a® follows*«•

* n?o*o*(2) { zo.o*(l) ~ zs*c*(l)} J t% *•••• (7*8)
z< - zo.o.(l)- z3 ...  (7.9)

and Zt « Zo.o.(2) - z» (7*10)
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7,4 Infinite Line Approach for G*P*0* Relaying Circuits
The use o f G.P.O. c irc u its  fo r p ilo t-w ire  protection  schemes

has been tre a te d , in  some ap p lica tio n s(23)(24)^  on ^

c la s s ic a l in f in ite  lin e  theory* This philosophy presupposes th a t

the p ilo t c irc u it may be represented by its  c h a rac te ris tic  impedance

I t  also im plies the use o f impedance matching devices and in  one 
(24)ap p licatio n  '  o f equal term inating end to end symmetry*

Matching between d iffe re n t lin e s , oan be a ffec ted  by the use 

o f the image impedance concept* The image impedances, by d e fin itio n  

o f a network are those impedances euoh th a t when one o f them is  

connected aoross the appropriate p a ir o f term inals o f the network} 

the other is  presented by the other p a ir*

In  case of asymmetrical network the two image impedances 

are d iffe re n t* This can be b e tte r seen from F ig* (7 .4 A ), where 

the input impedanbe a t term inals ab o f the network is  

when term inals od are term inating in  20(2 )> and ^ e  input 

impedance a t term inals od is  Z0 (£ ) when term inals ab ere 

term inating in  Z0^ j *  When the two image impedances are equal; 

as in  the oaae o f symmetrical networks, th e ir  common value is  

equal to the ch arac teris tio  impedance 20 of the network. An 

asymmetrical network is  said to be properly term inated when i t  is  

term inated in  i t s  image impedances*

Advantage oan be taken from the properties o f h a lf-section s  

to  be interposed between the lin es  whose c h a rac te ris tic  impedances
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conform the image impedances of the half-section.
R eferring  to Pig* (7*4B and C ), i t  oan he prcrved th a t, fo r  

the f u l l  se c tio n s :-

(7.11)

(7.12)

The image tra n s fe r oonstant which corresponds to the 

propagation constant in  symmetrical c irc u its , is

The h a lf sections, P ig* (7*4C ), have an image tra n s fe r constant 

exaotly V * o f th a t o f a f u l l  seotion.

d if fe r ,  being Zg on one side and on the other s id e .

I f  the two p ilo t c irc u it lin e s  to be connected together have 

c h a ra c te ris tic  impedances Z0(-j) and Z0(2 ) re sp ec tive ly , then 

the components o f a properly term inating (o r matching) h a lf­

section may then be determ ined.

R eferring  to Pig* (7 .4 ® ), then the condition fo r matching is ,

• • Z0 (1 ) “  Zt  and Z0( 2) a \  . . . . .  (7*14)

S u bstitu tin g  from eqns. (7.11 and 12) in  eqn, (7 .1 4 ) i t  

gives.

(7^13)

The image impedances of the two sides of the h a lf sections
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*  20 ( i )»Z0(2 ) *  2 iZ t (7*15)

From eqns* (7*11* 12 and 15) i t  can be proved th a t

Z i /2 -  A > ( 1 )  l zo ( l)  - « o ( 2 ) }  J  . . . . .  (7 .1 6 )

and eaB .  ZodJ.Zota)/ A > (a ) {  Zod) >• ?o(2) }  J V *

  (7 .1 7 )

Bqnie* (7*16 and 17) give the components o f the matching 

impedance h a lf-sectio n # The in sertio n  o f such matching networks 

is  always associated w ith  power loss and th is  may he made a minimum 

by incorporating a transform er to make the moduli o f the two 

ch a ra c te ris tic  impedances o f the two lin es  equal*

Two h alf-sectio n s are also required* fo r  proper term ination* 

one a t eaoh end o f the lin e *

For the case o f unloaded G#P*0* c irc u it*  the e ffe c tiv e  

parameters are the resistance and oapacitance and therefore the 

c h a ra c te ris tic  impedance* as given by eqn* (7*4)#  would be

2° -  C - z z l ' 1' 1 - 1 )  . . . . .  (T.ia)2(00*

fiqn* (7*18) shows th a t the ch a rac te ris tic  impedance o f an 

unloaded iin e  has an angle o f -  45°• In  cases where the moduli 

are made equal then*

z0(2) -  V O  -  a) « * :  z0(i)  -  /2 a. ,



where Re is an equivalent resistance equal to £ W/Zisft
In cases of loaded lines an expression can be obtained for the 

characteristic impedanoe of the line* in the form of a series 
resistance/capacitive combination* If the conductance G* can be 
negleoted in eqn* (7*4) then the characteristic impedance Zo is 
given by

z0 a  C & ' + jw L 'V ^ 'J 7 ,  -  (tyc -  i */& )'!*

-  (Bo ♦ i x0) ••••• (7*19)

where — X0* * Î /c* nnd 2Rq Xq » — RVteC*

By expressing the characteristic impedance in the above form 
proper terminating seotions oan be determined by eqns* (7*16 and 17)#

7*4*1 Practical Limitations of the Infinite Line Annroaftfr 
The G*F«0* accept no obligations when renting circuits for 

protection purposes* In fact they impose conditions on the users*
No special provisions are made other than providing an efficient 
speech Circuit* Special arrangements or facilities may not be 
easy to obtain or may be obtainable at high cost*

It is not the practice of the G*P*0* to provide impedance 
matching at different points of connection in mid route* Some 
sort of impedanoe matohing may be provided at the line terminating 
points* Furthermore, the normal standard impedance matching 
devioes may intro duoe undesirable non-linear features at power-



levels, similar to those encountered for protection purposes*
It, is now clear that it is the task of the protective scheme 

designer to produce a relaying scheme which oan operate 
satisfactorily on practical G*P*0* circuits without demanding 
any special equipment to be fitted by the G.P*0* personnel* However 
the practice of terminating the pilot cirouit is quite acceptable*

7*5 Simulation of Pilot Circuits
Pilot circuits are effectively composed of distributed 

capacitance and resistance, when the shunt conductance can be 
regarded as negligible* Loaded pilot circuits have, of course, a 
much greater inductance than unloaded circuits* The pilot circuit 
has, therefore, to be considered, from the protection point of 
view, as a transmission line with distributed parameters rather 
than of lumped ones*

Simulation of pilot circuits must be composed of a large 
number of sections in order that an accurate assessment of the 
protective scheme behaviour may be obtained* The % or T-equivalent 
networks give a fairly true representation, at a single frequenoy 
only, of the pilot-oircult and therefore may be useful in the 
initial design stages of the protective soheme* However, testing 
of pilotfwire schemes should reproduce praotical pilotroirouit 
conditions, as far as possible* .

Praotical pilot-cirouits are, in general, unsymmetrical at
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the two ends and simulation of pilot-cirouits should also include 
this feature* The simulation of pilot lines is done by artificial 
pilot-circuits*

7*5,1 Artificial Pilot-Gircuits
It is understood that the best way of testing a pilot-wire 

protection scheme, would be carried out on practical G*P*0* lines, 
preferably starting and ending in the same laboratory, where 
comprehensive benoh tests can be conducted*

As a second best, where this facility is not available, 
tests of protective schemes can be performed on artificial pilot* 
circuits which have electrical characteristics similar and close 
to practical G*P#0. circuits* Several artificial pilot circuits 
have been constructed, for this purpose, to simulate the 
following:-

(a) 23 miles of 20 * lb/mile,, unloaded, G.F.O* cable*

This line is constructed of ten sections, each representing 
2*3 miles pilot length*

The line parameters are assumed E* * 68 ohms/mile,

G* * 0*065 yd?/mile, and G* and L9 were neglected*
The tqtal loop resistance, for 25 miles, is 2200 ohfes 

giving R/seotion * 220 ohms* The capacitance G/section is 
* 0.1625 |iP*
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(b) 15 miles of 6.5 lb/mile, unloaded cable.

The parameters are Rf » 272 ohms/mile and O’ * 0.065 |iF/mil4. 
This artifioial line comprises six sections each representing also
2.5 mile pilot length. The total pilot-circuit loop resistance 
is 4080 ohms. thus giving a resistance S/section * 680 ohms.
The capacitance C/section « 0.1625 iaF.

(c) Unloaded 40 lb/mile G.F.O. cable circuit of 20 miles 
length*

For a Rf/mile * 44 ohms, and Cf * 0.065 i*P/mile, thus v 
giving a total loop resistance of 880 ohms for 20 miles. This 
line comprises four sections each representing 5 mile pilot length 
and having a resistance R/section a 220 Q and c/seotion ■ 0.525 

\ This group of artificial linest to simulate unloaded 
G.F*0. pilot oirouits* is constructed from half-sections conneoted 
in tandem by a plug-in arrangement which allows the short- 
circutting of any one or more of the sections. This arrangement 
provides the facility of connecting different pilot lengths 
from 2*5 to 25 miles of 20 lb/mile cable and from 2.5 - 15 miles 
of the 6.5 lb/mile pilot cirouits, varying in steps of 2.5 
miles each. The third artifioial line of the 40 lb/mile oable 
provides simulation over a range of 5 - 20 miles pilot length 
in stepe of 5 miles. These artificial line cirouits are 
illustrated in Fig. (7.5)* which shows also the sections of the



R  = R  ( R g  = 2 2o £2 _» C = C| -►C|0 = 0.165 p F.
(a) 25 Miles of 20 lb/Mile Pilot Cable

R/2 * J • 1 R/2

O

R. „ -L R2C„=f= CR3 . 1  R  4 R
t C,

R  -  R i - * - R s =  680  S2 j  c  -  C,-*-Ce = 0 . 165 /*F .

(b) 15 Miles of 6.5 lb/Mile Cable

R/p r ~ ~ ~ i R/2

o
Cl = ^2

•V, = c3=_r3_=C4
)—--- 1I---- ->.—■. -. .H►-- <1--- —J

R=R^R3 = 220 SI s C = C|-*.C4 s. O . 3 5

(c) 20 Miles of 40 lb/Mile Pilot Cable

Fig. (7.5) ARTIFICIAL'PILOT CIRCUITS (UNLOADED CIRCUITS)
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plug-in arrangement as well as the values of the capacitance 
and resistance for the different components#

Table (7*1) gives the total capacitance and resistance of 
each artificial oircuits, together with the calculated values of 
a practical homogeneous G#P#0# pilot-cirouit.

Artificial Circuits' G.P.O. Pi♦aotical Circuits
(a) (b) ( 0 ) (a) a ) (0)

r o 2300 4050 860 2200 4080 880
C pF 1.65 0.99 1.4 1.625 0.975 1*3
L a . , 2.5

' ’ ■
1 ' 15

----------
20

Table (7#1) Comparison between Artifioial and Praotioal 
G#P#0. Circuits (Unloaded)

(d) 20 lb/mile G#P#0# circuits loaded with 88 m#H# 
ooils/2000 yards* Two artificial circuits are con­
structed to simulate 5 miles each# Each circuit in turn 
comprises 5 sections#

(e) 10 miles of a 20 lb/mile cable loaded with 88 m#H#/
2000 yards# This circuit is oomposed of six seotions 
of the same type mentioned in (d)#

The above three artificial line circuits simulate a 
20 lb/mile G#P#0# loaded oirouit for pilot-lengths from 5-20 miles,



in three steps of 5 miles each*
These artifioial oirouits are constructed using small air core 

inductors* resistances, and capacitances* The air reactors are 
constructed of 33 S.W.G. wire wound on bobbins illustrated in Fig* 
(7.6)# The figure shows also the characteristics of the induotor 
coils* These inductors simulate the effect of loading coils» their 
inherent'resistance has to be accounted for in the total resistance 
of the line*

Pis* (7*7) illustrates these three circuits and gives the 
values of the components*

Table (7*2) shows a comparison between the total capacitance» 
resistancef and induotance of the artifioial lines and the values 
of calculated practical G*P*0* circuits*

Artifioial IdLnes Praotical G*P.O* Circuits

U) M (4) (•)

A Q 576*3 576
i

1170 460 460 920
0 iaF 0.315 0.315 0*6 0.325 0.325 0.65 .
L m*H* ^354,5 342 694 392.5 392.5 785

Table (7*2) Comparison between Artificial and Loaded 
G*P*0* Lines

All the artificial line units oan be connected in seriest
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or parallel if necessary, combinations to provide a large and 
wide possible limits of length and of asymmetripal pilot oirouits. 
These artificial circuits are connected together without inoluding 
any matching devices to simulate as much as possible present G.P.O. 
practice*

7*5.2 Mounting and Assembly
The artificial pilot lines mentioned in the previous section, 

verb assembled and mounted on two units# Figs. (7.3 and 9) show 
complete views of these units. The plug-in arrangement and the 
connections of the different sections of one line oan be affected 
from the front panel, as shown in Fig. (7*8).

The connections for the two terminating ends of a pilot 
line are generally carried from the baok side of the unit.
Fig. (7.8) shows also the two pilot~line isolating transformers 
connected to the two ends of a line. These transformers form a 
part of the differential bridge arrangement desoribed in 
section (8.8).

Fig. (6.9) shows the artifioial line unit which was 
designed for the early stages of the investigations.

7.6 Reliability of Pilot Wire Oirouits
The reliability of the pilot link is an essential part of 

the reliability of any pilot-wire scheme. However, any discussion



PIG. (7*8) ARTIFICIAL PIIflt—LIHES*

Front, Back and Underneath Views of the 
Artificial Pilots Unit*
Pilot Isolating transformers are also 
shown.

PIG. (7.9) ARTIFICIAL PILOTS IMIf
mom and hear views of chassis.



FIG. 7.8.
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on p ilo t w ire r e l ia b i l i t y  is  c losely  attached to lo c a l circumstanoes* 

In  general p riva te  p ilo t c irc u its  proved to be o f higher 

r e l ia b i l i t y  and they are less exposed to fa ilu re  due tp huaan 

in te rv en tio n .

The performance o f P*0. or leased p ilo t c irc u its  depends to  

a great extent on lo c a l conditions* e .g . high fa u lt  incidence in  

areas subjeoted to flooding ~~ etc* The r e lia b il ity ,  o f P.O. 

o irc u its  depends also on ava ilab le  p ilo t route where main trunk • 

c irc u its  give high record o f a v a ila b ility  than long lo c a l tenuous 

c irc u its *

However a penetrating survey study of the problems associated  

*1 th  p ilo t-w ire  re lay in g  was carried  out in  the U . S . A . b a s e d  

on the use and experience gained over a large number o f years*

The average outage time o f leased c irc u its  is  quoted as 4.5  

h o u rs /o iro u it/year* However, the number o f o u tag es/c iro u it/year 

is  1*37 and therefore the percentage a v a ila b ility  is  99*93&

This percentage a v a ila b ility  represents outage time o f 6.1 hours/ 

o irp u it/y e a r fo r  a l l  outages* planned or otherw ise. The 

re s u lt o f the survey ind icated  th at the a v a ila b ility  o f leased 

p ilo t-w ire  c irc u its  are very high Indeed.

On p ro b a b ility  basis * the outage o f a p ilo t  c irc u it would 

be expected to add only 0.07 percent inoorreot operations to  

those due to a l l  other causes.

In  the U.K. the figures published fo r  the a v a ila b ility  fo r



G.P.O. oirouits is also quite high. The average outage time is
about 15 hours/oirouit/year* although in some oases an average as

/<
high as 22 hours/oirouit/yearv is also recorded and the number
of o u tag es /c iro u it/year is  about 2 .5  * I t  seems* however,* th a t no

1 \

full record* to the Author's knowledge* shows exactly the availability
of G.P.O* circuits at time faults* i.e. the coincidence of pilot-
circuit failures with the occurrence of faults on the power system
which would be a correct measure of this availability. Other
figures would be classified under probabilities.

(u)The survey' ' oarried out in the States is a thorough study 
for pilot-wire relaying from the application view point and 
similar study would be useful to assess the availability of G.P.O. 
circuits for protection.



CHAPTER 8

DESIGN OP TRANSISTORISED RELAYING CIRCUITS

8.1* IntefoWJtlQfl
In the protective scheme developed, all the relaying functions 

are performed by transitorised circuits which are energised* in the 
first instant* by signals derived from the fault current* These 
circuits are connected and cascaded in such a manner* desoribed in 
Chapter 2 * as to produce the overall required performance of the 
scheme•

Transistorised circuits offer attractive advantages which 
include small size* small weight and very low power consumption* 
Static relaying devices* as those employed here* are also not prone 
to mechanical shocks or vibrations*

A common feature of these transistorised olrcuitry is the 
adoption* from the early stages of the investigations* of one common 
power supply rail at -10 Volts D.C* This is based mainly on 
economical reasons* Easier circuit designs could have been achieved 
by adopting power supply rails at (-10 V* 0,and +10V). Bearing in 
mind* however* the possibility of providing the power supply* in 
field applications* from station batteries a single voltage level 
(-10V) is therefore preferable to avoid complications* The 
possibility of providing separate power supplies for the final 
tripping stage as well as for the differential bridge oirouit* if



required* is also considered*
Transistors in the relaying circuits are used as saturated 

amplifiers* or as switches* hence minimising instability risks 
and drift due to temperature and power supply variations.

Simplicity and economy are the two aims to be achieved in 
the design of the scheme circuitry.

8.2. Squaring Circuit
The function of this circuit has been explained in 

sec* (2.5.2). It produces square-wave outputs of unity mark to 
space (m/s)p when an A.C. relaying signal* representing the phase' 
angle of the fault current* is applied to its input terminals.

In order to obtain unity ”M/S" it is important that the A.C. 
signal should be free from any unidirectional components.' This 
has been considered in sec. (3«6)» and it is concluded that the 
output voltage of ironless-core G.T.s is almost free* from the 
practical viewpoint, from unidirectional transients.

The squaring circuit should also have a low input impedance 
for reasons described earlier in sec. (6o4°4*)° An immediate 
answer would be the use of a transistor circuit T,, Fig. (8.1), in 
a common base configuration.

Such a cirouit offers the lowest input but highest output 
impedances. The current gain "a" is a little less than unity, 
voltage or power gain are therefore due to the output/input' 
impedance ratio. Othbr advantages for adopting this circuit
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configuration a re , i t s  (Vc versus I c) lin e a r ch arac teris tics  a t very  

small values o f currents and voltages as w ell as a very1small 

c o lle c to r leakage current I Co* ^ e se  characteristics^ I .e .  very 

low I c0, and "a1* being less than u n ity , make such a 'c irc u it  

in h eren tly  temperature s ta b ilis e d . Other tra n s la to r c irc u it* 

configurations w ith  compensating elements, could hard ly approach 

such a temperature s ta b ility  l im it .

The input voltage to the em itter of Tf , F ig , (8 ,1 ) , has to  

overcome the forward resistance of the em itte r to  base junction  

before any eo lle o to r current s ta rts  flow ing , (fo r* p^n^p tra n s is to r 

on the p o s itive  h a lf cycles o f the input v o lta g e ), i ,e ;  deriv ing  T4 

to  conduction.

The o o llee to r o f Tf thus a tta in s  a voltage depending on the 

magnitude o f the base p o te n tia l, neglecting the res id u a l voltage  

(Vec) of the tra n s is to r when bottomed• The eo lle o to r a tta in s  a 

voltage approx, equal to  (-V o e), i f  the c o lle c to r leakage current is  

negleoted, during the negative h a lf oyoles o f the input*voltage  

waveform* Henoe the c o lle c to r o f T< w il l  fo llow  almost a square 

wave having a magnitude (Voo), F ig , (8 , 1B ), as the input signal 

passes through its  sero points.

To achieve a u n ity  mark to space ra tio  fo r  the wave shape o f 

T| and to  elim inate the e ffe c t o f the forward voltage of its  

em itter/base ju n ctio n , the base of T4 was biased s lig h tly  negative* 

through R4 and R3 . The b iasing resistance R4 is  shunted by a



213.

condenser Gt to reduce its effect in increasing the A.C. input 
impedance.

The yalue of Ry is chosen high enough not to cause-any 
appreciable drain on the power supply» Then the* value of" R4 
could be easily fixed to give the small amount of* negative biasing
required. The circuit is also designed that if R4 is adjusted
for the lowest possible setting of input signal to give *a* "unity 
mark to space ratio, then this value of R4 will be-also*suitable 
for the highest setting to be reached with a departure of-not more 
than 4.0^ in the mark/space ratio. The range of the-settings-over 
which such $n error occurs is about 1:100.

Transistor T, is operating as a saturated‘amplifier: with half- 
sinusoidal yoltage input signals. Therefore the-square-wave-output- 
of its collector would in fact be a part of a very large- sine wave,
its amplitude is determined approx, by the product* of" the- emitter..
current and the collector load Ra. At very small input current 
settings, the change of state of the saturated amplifier is* not; 
fast enough and this leads to the introduction of another stage 
composed of transistor T2«

This second stage is composed of a transistor Ta in the common" \ *
emitter configuration which gives maximum power'gainy-this-being 
one reason for its use in most switching applicationŝ - Another 
reason is the fact that it requires minimum input powjar to* switch 
the transistor from cut-off to fully conducting state; and vice-versa,
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thus eliminating the loading effect on the first'transistor T* *
In sec* (2„5o2»)9 an arrangement for controlling the unity 

"M/S” ratio of the square wave by the use of a aero'level detector 
followed by an invertor stage is discussed* The level detector is 
similar to the type described in sec* (8*3.30 • " ®hisprocedurehas 
proved to be not essential , as the performance of the squaring circuit 
as it stands in Pig. (8.1 0 is quite satisfactorŷ ;with* â deviation 
within + 4$ over the whole range of settings*

Pig* (8.2) shows thb input wave shape and the squarê wave 
output of the circuit for different values of input signalsy from 
minimum setting Pig* (8*2A), to a value about 40 times setting in 
Pig* (8.2P)* The variation in the mark/space ratio could hardly be 
noticed*

This second stage transistor Ta> Pig* (8.1), is driven 
from the collector pf T1 through C2 to give the eolleotor full 
swing* The capacitor C2 discharges instantly through diode D 
on the positive half cycles of the collector swing*

It is qlear t̂ at the output square wave. Pig. (8.1B.), is of 
unity mark/space and has an opposite polarity to theinput wave 
signal* •

8*3. P im ita ,
The starting cirouits mainly function, as explained in 

sec. (2.5.1.)* in the scheme developed, as fault detecting elements.



FIOU (3.2) BEHAVIOUR Off THE SQUARING- CIRCUIT,

Input and Output Wave Forme

(A) at minimum setting,
(B) at about 40 times setting.
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They are designed to respond to the magnitude of the positive- 
sequenoe component of the fault current to detect balanced faults, 
and to the magnitude of the zero-sequence component to detect" fault 
conditions involving earth. They produce starting signalB* to control 
the coincidence/phase comparator circuit which in turn controls 
the tripping circuit. The absence of these starting signals' 
inhibits phase comparisonp between the square-waves representing*
the phase angle of the currents at the two ends*of the protected..
section, from taking place.

The starting circuits arrangement is illustrated in*
Fig. (8.3). It consists of two identical transistorised; circuits; 
Bach circuit is composed of four main parts, namelyy an input 
amplification stage, followed by a half-wave rectifying and 
smoothing whioh is followed by a level detector of the emitter- 
coupled type* The final stage is simply an invertor*combined with 
an (OR) gate arrangement for the two starting circuits* The 
output of the gate is fed through diode D3 to the coincidence gate. 
The output of the starting oircuits is in the form of a voltage 
step, i*e« a sudden change in voltage level, as soon as the input 
signal to the cirouit reaches a predetermined value*

8*3.1. Jtrc. Aflpltftor
The input signals, which are proportional*to* the*positive 

sequence and the zero-sequence components of the* fault current, as 
explained in sec. (6.4*4.), are applied each toone of tĥ  starting 
oircuits*
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The input signal is applied to the base of transistor T1,

F ig . (B*3)> where the signal is  am plified in  a one stage am p lifie r  

of the common em itter type which has a ra ther high ourrent gain (3.

The voltage gain o f th is  stage is  controlled by the values of "E1
i

and Ra or by the value of R, provided the em itter c irc u it  

resistance R2 is  kept constant.

The am p lifie r o f s ta rtin g  c irc u it  ( l )  which responds'to the 

magnitude of the positive sequence components, is  designed to saturate  

at high input values corresponding to multi-phase"*faults. This 

means th a t i f  the fa u lt  current reaches a certa in  le v e l the 

am p lifie r operates as a switch and i t s  output is^near^ in  form to  a 

square-wave.

On the other hand, the second s ta rtin g  circuit*operated"from ' 

the sero sequence component of the fa u lt  currenty is* ad justed" by 

designing the operating point o f the am p lifie r to"cause* saturation  

i f  the sero-sequence input signal reaches a very'low nle v e l deter­

mined by the harmonics and the errors produced from-the segregating 

networks, sec. ( 6 , 4 *3 )•

The output of the a m p lifie r, fo r e ith er o f  th r tw o -s ta r t in g  

c iro u its , is  taken from the co llec to r of T , , F ig , (8 *3 ) ,  as an 

am plified sinusoidal wave fo r  small inputs and almost as square- 

wave a t high input leve ls* through C3 to the h a l f - r e c t i f ie r  stage;

To reduoe the e ffe c t of temperature variations 'on*the  

am p lifie rs , s llio o n  transistors are used and proved to  be satis fac to ry
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without adding complicated temperature compensating circuits.

8 .3.2. Rectification Stage
J

Since the input signal to this stage is an A.C. one'and in 

order to operate a B.C. level detector to determine its amplitude 

a rectification stage has heen introduced between the amplifier’ - 

and the level detector.

The input signal to the starting circuit in’rectified by 

(S*5A), aftqr being amplified in T,. This half-wave'

rectifier allows current to flow on negative half “-cycles only.
*

During positive half-cycles the current flows through

diode D|' thus discharging the coupling capacitor Cj to* a very .

small positive value equal to the forward residual’voltage “drop.

across D1♦ Alternatively, during negative half“cycles current 

flows through D2 and by proper ohoice of the values of C4 and 

R5, neglecting the shunting effect of (R5 + Rst)., on R$y the

maximum allowed value of the ripple could be determined. The
/

forward resistance of the rectifier D2 should be taken into 

consideration. The criterion for the maximum ripple value, could
i

be demonstrated as follows*-

In. order to obtain j^pid response, i.e. to minimise delay,"the’ 

time constant Rp2 G4 of Fig. (8.4), should be as small’as 
possible; while in opder to obtain minimum ripple in the- die.’ 

output R5C4 should bp as large as possible. In other words', low 

value of C4 gives fapter response and higher percentage of ripple
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and vice-versa. In this case, % 2 is, in fact, very small being ' 

the forward resistance of the diode Da* The time oonstant“Rp2C4 is 

much smaller than R5C4 and therefore the charging time of 

capacitor C4 can be neglected

The discharging time through R5, assuming (Rg +Ra$) very'large 

w.r*t. should be equal to a period HTn of one cycle*

The output voltage after time to * T/4, whichisrepeated 

every cycle, is given for the first period by*-

-(t-ty4)/R5°4 / .
V  * “Tmax. “ ’ ! (8.1)

where T/4 <. t ̂  5T/4

It can be seen that the output voltage. ij not therefore- composed of 

a constant D.C*, but contains an amount of ripplev voltage vj* given 

byi-

T* M Vmax. “ Vmin. •••'• 8̂*2^

where is the pq&tc value of the A. 0* voltage V^n, and

is the instantaneous value of the voltage v0 given by eqnv (8*1)

when t reaches a vqlue between T and 5T/4, From1 eqn" (8*2), and..

at t * T it followss-

-3T/4R5C4
V .  -  -V •  . . . . .  (8.3)min. max.

and for t « ^/At it givesi-
-T/H5C4

Vnin. -  “7max. e ....



An average value V and V* would representbetween V1

approx• the actual values-

-7V8R5C4
Hence V . « — V emin* max*max* (a .5 )

Since this rectified output is applied as input to thev level

respectively, Vrm is the ripple voltage at marginal conditions, 

i.e. when Vmax* & Vp, ibm is the base current, at min* setting, 

required to operate transistor T2 of the level detector and Rb 

is the equivalent base circuit resistance of Ta.

the value of the input signal and to produce a stepped output which 

is fed, after being inverted, to control the coincidence cirouit 

sec* (8*4)* The level detector oircuit is of the emitter ooupled 

type, its basic arrangement is shown in Fig* (8.5). The two 

possible stable states of the circuit are controlled by the Input 

voltage level V*, i.e. the change from one stable state to the 

other oocurs as the input voltage Yi passes through a predetermined 

value* The two transistors T2 and Tj are coupled in a non­

detector, of the type described in sec. (8*3*5*)# it is therefore
essential thats-

(8.6)

where Vp and Vd are the level detector pick-up and drop-off voltages

8 .3 .3 . The Level Deteotor O ircu it Arrangement

This oircuit is designed as a trigger circuit to respond to
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symmetrical way. A collector-to-base coupling is used from T2 to 

Tj, while a common emitter resistance completes the regenerative 

loop. The behaviour of the circuit could be easily explained by 

assuming, in the first instance, that the magnitude of the input 

voltage Vt is negative but not enough to cause T2 to be bottomed, 

i.e. Ta is off. In such a condition Tj is in a state"of conduction,: 

it is also assumed that T3 is not biased into saturation.

Neglecting the collector reverse leakage current loo of> ® 

certain voltage level is set across the oommon emitter resistance 

Re due to the conduction of the transistor T3. If the input 

voltage V1 is increased negatively beyond the common emitter.level, ; 

T2 starts to conduct. With both transistors conducting, loop re­

generation causes T3 to cut off quickly. With T3 in a non-conducting 

state, T2 would operate at whatever point the input/voltage V* sets 

itself according to design. Wherever the operating' point of T2 

on its load line may be, the output taken from .eplleotor of Tj will 

not be affected since Tj is cut off.

However, if the input voltage reduces its negative value such 

that the base of T5 is more negative than the common emitter 

voltage, T3 would turn to conduction again and loop regenerative 

effect leads to drive Ta into non-conduction state.

The two critical values of the input voltage levels: (Vpv 

pick-up voltage and Vg, drop-off voltage) differ and/* therefore,, 

the circuit exhibits an inherent baok-lash or hysteresis, and for
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input voltage leve ls  between Vp and th e ■c ircu it-p an  be in .e ith e r  

one of i t s  two stable states.

When Ta is  c u t-o ff  the equivalent o irc u it could be represented 

as shown in  Pig* (8 . 6A). Ta w i l l  s ta r t  to conduct when exceeds 

negatively*

The pick-up voltage Vp is  then equal to Vpj* Neglecting I^o 

of Ta and taking Vfca « Vp +  V^ejp thens-

Vcc R13 -  (Xc3/P?) K i3 (Rca+Rt1 )
Vp + Vhe3 m (Rca + R,V + R13)

• (8 *7 )

and Vp » Re . . . . .  (8*8)

where a j  and P3 are the gain of T3 in  common em itter and common base 

configurations9 respectively .

When tran s is to r £3 is  cut o ff  and ju s t about to conductf 

i . e .  when the input voltage V1 equals the drop-o ff voltage, Vd* as 

in  the equivalent o iro u it o f Pig* (8*6B)t i t  fo llow s therefore  

th a t* -

Vco -  Vca ■ ( lo a + I )  Roa )

j .... (8*9)
Ve3 -  To, -  ( I R , , ) ,  Vfa -  ( i .H l j )  -■ (^§*-)r.  )

Hence the input voltage Yd *  Vea + Vbe2 . . . . .  (8.10)

The diffe^enqe between the levels  of Vp and Vd, determines- the 

s e n s it iv ity  of the c irc u it  as a leve l deteotor. In  order to  reduce' 

th is  inherent baok-lash ( i . e .  to reduce the d iffe rence between Vp 

and Vd). H ither Vp is  reducedp ( i . e .  becoming less negative) to
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approach Vd by adding a resistance in the emitter circuit of Tj. 

Alternatively, this can be approached by increasing Vd (i.e. 

becoming more negative) to approach Vp. This could be achieved by 

introducing a resistance in the emitter circuit of Ta. These 

methods of Introducing resistances in either of the emitter cirouits 

of Ta or Tj, in order to reduce the hysteresis, would produce 

series negative feedbaok, and hence a reduction in gain. To restore 

partially the gain during transition, these emitter resistances 

should be shunted by capacitors. Using such a method to improve 

the sensitivity of the detector, care should be taken to ensure 

that as the drop-off voltage Vd approaches the pick-up voltage1 Vp, 

no risk of instability should oocur.
i 1 !

In the particular application of the level detector as part 

of the starting oirouit, the pick-up voltage is adjusted slightly 

more negative than that of the drop-off. This allows-for some 

percentage ripple, as desoribed in the previous"section* and avoids 

instability, "ohattering", under marginal conditions. The 

difference between Vp and Vd 1b controlled by inserting'resistance 

Rg, Fig. (8.3), in the emitter cirouit of Ta.

The'senstivity of the oirouit with respect to the input 

signal is improved by superimposing a negative bias at the base" 

of Ta. This is provided by a potential divider 

Fig. (8.3)* The value of tfyis biaB, when Ta is cut-off, is*made 

variable over a reasonable range by ohanging RBt* The maximum
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magnitude of the biasing voltage can he made just equal to Vd, the 

drop-off voltage of the level detector.

The maximum biasing voltage Vb, when Rat * 0 and T2 being 

cut-off, is given bys-
-Vcc (R5)

Vb = '(R5 + Rg) Td • • • • •  ( 8 * 11)

The effect of this biasing on the output of the rectification
V

stage, sec. (8 .5.2), would be equivalent to shifting the zero line in 

a negative sense, or in effect to changing the value of the lowest 

setting to which the level detector responds, i.e. increasing or 

decreasing the overall sensitivity of the combined rectifier/ 

detector oircuit.

8 .3.4. .Ontnut. Stage/(OR) Gate Arrangement 

An output stage has been introduced, following the level 

detector, to produce a stepped output signal. This voltage signal 

changes its magnitude y  suddenly from -Vcc to almost zero level^as 

soon as the magnitude of the input signal to the amplifier stage 

reaches a predetermined threshold level. This output signal is 

employed as a "let go" signal for the phase comparator circuit. Its 

absence inhibits phase comparison between the currents at the two 

ends of the feeder, as mentioned in sec.(2.5.1), and explained in 

more detail in sec.(8.4).

From the previous section it has been established that the \1
i ,

output of the collector of transistor T5, Fig. (8.5)* acquires 

two stable states, namely either at approx. (-Vcc) or at
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-(Vcc - Icj R03) depending on the input signal magnitude. Both 

these two levels areP of course , negative and neither of them is at 

zero level due to the nature of the coupled emitter circuit which 

has a common emitter voltage Ve3 ** Re • To obtain a step

signal having an amplitude of «VCC to 0 D another transistor T4 

of the common emitter configuration is introduced as a combined 

output/(OR)' gate stage* This transistor T4 is operated, from the 

level detector described in the previous section,

The resistance R14, Fig, (8*3) > in the bass 'circuit 'of T4 

is made big enough to make T4 Just cut-off when T3 is conducting. 

Any negative increase of the collector voltage of Ty irould cause.... 

T4 to conduct and the voltage of its collector will be the 

residual voltage across it, which is small enough to be considered 

at zero level.

As the output voltage of the level detector is'in the form.

of a step, a shunting capacitor across R14 helps: to s peed t  he

switching operation of T4, The resistance Rj 6 is also added for' 

temperature variation stability as well as helping to turn T4 to' 

the cut-off state*

The output of the invertor T /̂(GR) gate oircuit is taken from 

its collector through a diode D3 whioh allows current to flow only 

when the collector voltage is negative, i,e, when T4 is cut-off;

The protective scheme developed comprises two starting ' ' 

circuits as fault detecting elements*

Hence, it is necessary to provide a gating arrangement for
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the two stepped outputs from the starting circuits to control the 

coincidence/phase comparator circuit. This gating arrangement 

allows-either of the two outputs to reach the coincidence circuit, 

i.e. in an (OR) gate arrangement.

Advantage is taken of the presence of transistor T4 as a 

combined invertor/(OR) gate, thus economising in the number of 

circuit elements* In this arrangement the two transistors T4, of 

the two starting circuits, being in an earthed emitter 

configuration, are joined to have a common collector connection at 

R^, Fig. (8*3)» where the output is taken*

The output point would attain a zero voltage level if either 

of the two transistors T4 is conducting and has a'voltage value of 

approx* (-Vcc) if both are in the cut-off state* This stepped 

output voltage is used to bias the coincidence circuit'or*as an 

inhibiting signal to the phase comparator and in Bpsclad cases 

of pilot-llnk failures is required to initiate tripping ‘as 'explained 

in sec* (2*5*4) and in the next section,

8.4. Oolnoidenoa/Phaee Comparator Arrangement

The coinoidenoe/phase comparator circuit followed by the 

tripping circuit constitutes the main relaying element of the 

protective scheme,

The main functions of this circuit, in the developed,scheme, 

are desoribed in sec. (2.5.4*)•



The basic arrangement of the coincidence/phase comparator 
circuit is shown in Fig. (8.7).

Three inputs (l), (2) and (3) are fed through diodes D1,
3>a and D3, respectively, to the base of transistor Tj. Input (1) 
is fed from either of the outputs of the starting circuits, as 
explained in the previous section, and is normally having a negative 
value of approx. (-Vcc). This input, therefore, maintains 
transistor Tj in a conducting state, irrespective of the other 
two inputs (2) and (3)*

When the starting circuit changes stage, i.e. pioks-up, 
input (l) attains zero potential, thereby allowing phase comparison 
to take place between inputs (2) and (3) because of'their A.G. 
coupling nature to T3. Input (2) is the squarê wave derived from 
the looal end current of the feeder, after being appropriately 
phase shifted. While input (3) is another square-wave reoeived 
from the remote end of the feeder, after being properlyreshaped. 
When either or both of the two square-wave Inputs are negative, 
transistor Tj will be in conducting state, provided input (t) 
is zero. It is clear, of oourse, that if both inputs (2) and (3) 
are positive or zero, Tj will be in cut off stater provided 
that input (1) is already zero.

This gating arrangement produces an output train of negative 
pulses, at the collecter of Tj, with a pulse duration equal to the 
overlapping angle Q° between input (2) and (3)* The angle H9M being
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the departure of the 2 square-wave inputs from the antiphase 

position, as shown in Fig* (8*7®)*

Since the square-wave inputs (2) and (3) have a unity 

"M/S11 ratio, then the output pulses are in the form of a train 

360° apart, as shown in Fig* (8,7B and C),

The pulse produced by this circuit at the collector of T3 

has a magnitude of 0 to (-Vcc), i.e, transistor T3 acts also as a 

pulse amplifier, which is another advantage gained by the gating 

arrangement•

Fig* (8*7B) shows an illustration for the collector voltages 

of T3 and T4 under three different conditions* For-case (a) where 

inputs (2) and (3) are in antiphase T3 is conducting and T4 is 

cut-off and for the inphase case (b), T3 and T4 follow the same 

square-wavee in antiphase and in phase, respectively.

8,5. flto,JfrtapAag, Rtf-asr. P i m t t

The tripping relay cirouit consists of a single stage 

transistor amplifier T^ shown in Fig* (8,7A),

The output pulses from the phase comparator are fed to the. 

base of the transistor amplifier T4 through R5, The collector, of 

T4 follows impulses Of opposite polarity to those of the comparator 

output, i.e. current pulses which flow through the relay coils 

have a duration nQ” as shown in Fig, (7.8 B), A shunting condenser 

C5, added across R5, helps to speed switching of T4. The 

resistance R<0 is added to minimise temperature variation effects



as well as to assist in turning T4 to cut-off, during the elapsing 
time of the negative pulse given to its base.

The tripping stage consists of a telephone-type relay driven 
by the amplifier T4.0 In order to obtain a minimum 'overall 
operating time of the scheme, this telephone relay'must be driven 
at several times its pick up and should have a low inductance 
ratio circuit.

It would be more suitable for field applications if special 
power supply different from those of the relaying circuits would 
be used for the tripping amplifier. Comparatively higher voltage1 

power supply and higher voltage rated transistors-can then be used. 
This power can be supplied from a special station batteries"divider*

However, in the scheme developed, the telephone relay used 
is derived from the same power supply as the relaying1 circuits.
The relay tripping current appears as a train of-pulses 360° 
apart, as explained in the previous section. Iir the oase (b),
Fig. (8.7B), where the two inputs (2) and (3) of’the comparator 
are in phase the relay current is in the form of"a square-wave, 
or the duration of the relay current pulse is maximum, i;e. 180°.

The direction of the diode D4, across the* relay coiTsy1 i» 
suoh that current oan flow to prevent only the decay of "the flux 
in the relay oore, the rise of the flux being unimpeded̂  This 
(slugging) diode has the advantage of perpetuating the'relay ooil 
current during the dead period or the dead half̂ cyoles' in' the 
inphase case. ■ , .
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A variable resistance Rst is connected in series with relay 
coils to provide a control of the minimum relay current pulse width 
to which the relay responds, i.e. its sensitivity*

For a given power supply voltage, assuming Rst - 0, the.
minimum pulse-width (angle) to which the relay responds can 
be found from the relay pick-up VA and its coil inductance/ 
resistance ratio. The introduction of sensitivity control R̂ t 
would increase this minimum angle since the relaŷ operates on the 
average VA value (inegrated) over the whole cycle. The diode 
1>4 tendB to increase this average by keeping the relay current 
flowing during the whole or part of the period when1transistor 
T4 is cut-off. For the scheme developed, and with 10V power 
supply, a minimum sensitivity,angle of about 35° was obtainable 
by connecting in parallel the two available windings on the' 
relay core.

Since the relay tripping current appears as a train of 
pulses 360° apart, therefore the rate of tripping of this auxiliary 
relay is variable according to the instant of appearance of 
the fault but it will always be less than one cycle"from the 
appearanoe of the first relay current pulse.

8.6. Phase-Shifting Oirouit
The function of the phase shifting circuit' is to produce 

an output wave shape lagging behind the input to the oirouit 
(or delayed) by a certain angle corresponding to the phase shift



230.

over the pilot circuit. Fig. (2.1) shows that the input to this 
circuit is provided from the squaring circuit. In fact, many 
alternative arrangements can produce the same result, i.e. a 
lagging signal to the local end one. This was first tried by

5 ,

amplifying the A.C, signal obtained from the output of the 
segregating networks, and then phase shifting this A.C. signal 
by conventional phase shifting networks. Two circuits were 
developed for this purpose.

The first is of the bridge type, shown in Fig. (8.8A). In 
this bridge circuit arrangement, R, was made equal to Ra * R,
say, and Ct has a fixed value. The only variable element "in--
the circuit is Rj. R3 was made variable ’ over the* rangr 0 “  2R , 
in order to obtain a wide range of phase shifts* " With-a fixed 
value of C1 to givd an impedance at 50 c/s of aboutrQ.GR, the 
phase shift, is adjustable over a range about 110p*j with no 
significant change in the amplitude of the output*

Phase shifts over 90° are not likely to occur with pilot 
ciroults, used for protective purposes, for a length'between 
25 - 40 miles#

However, this oirouit, like most phase shifting devices, 
uses a reactive component C,. Consequently, the-phase of the 
output voltage from the network will depend on the frequency of the 
systim, i.e. the cirouit is frequency sensitivet

Other ciroults can be also used, using inductive or 
capacitive elements in conjunction with resistive branches.
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However, inductances-are generally large and expenalveanda 
resistive/capacitive circuit may prove better and cheaper.

Another circuit of the type described in Chapter 6, 
sec. (6.3), was designed to produce a voltage output which can be
arranged to reach quadrature with its input voltage. This circuit
is shown in Fig. (8.8B), where n is a scalar factor ̂  1.

It can be proved that the input voltage Yin is related to
the output by*-

Tin . V0 C\ + jtoCR (̂jj-*1-) - w*C*R* 7  ..... (8.12)n

For the case when n = 1, therefore

Tin - Vo Z"1 + 3duCH - (uCR)* J  ..... (8.13)

Taking for .sample the oase of a 90° phase shift, the 
relationship between R and C would be wCR & 1, substituting 
this in eqn (8.13) it follows*-

Vin - j 3V0 ...’.4 (8.14)

Such a type of circuit has been analysed in some detail in 
sec. (6.3), and for the general case of n >1 and wCR * 1, 
eqn. (8.12) gives*-

Til* - jVo (2^) ..... (8.15)

Eqn (8.13) shows that the output Vo is lagging behind Vin 
by 90° and the variation in the value of n affects the magnitude
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Yinonly. The magnitude varies from at n = 1 and tends to
as n tends to O O 0 
For a fixed value of G and C/n in Fig, (808B)P a variable 

twin (concentric) potentiometer operated by the same spindle 
provides a wide range of values of aiGR ranging from equal to one 
for a 90° phase shift to wCR9 = /J for a 60° shift. Since%CM 
isr a constant then a gradual change in the value of resistance from 
R to R9 would produce the required shift over the whole range.

As mentioned before p both circuits of Fig, (8,A and B) 
are frequency sensitive and in the particular application with the 
developed scheme the input sine wave shape from the segregating 
was affected by the squaring circuit input impedanceP since both 
are in parallel. The forward resistance of the emitter/base, 
junction in the sqharing-cireuit affects the positive half̂ cyele 
of the input voltage wave. Moreover9 since these*pha»e shifting 
circuits introduce attenuation, amplification was therefore 
necessary before and after them.

In designing these circuits attention should also be given to 
the value of the input impedance of the amplifier following the
phase shifting circuit. This impedance should be <iuite high■ \
compared to the series branch nR in Fig. (8.8B). If this is 
not the case, the phase-qhift achieved by the network will be less 
than the simple calculated values given by eqn (8*12).

All these factors present difficulties in using a 
sinusoidal wave input to the phase shifting oirouit*
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‘ The alternative of using the local square-wave signal 
presents a better solution to overcome most of these problems* 
Moreover9 this arrangement is favoured because of the fact that 
the phase shift produced by the shifting circuit has to be equal 
to the shift that the remote end square«wave has undergone over 
the pilot-oircuit* ConsequentlyP a phase shifting (delay) circuit 
for the local square wave has been adopted* This delay was Obtained 
on two stages using RC networks* Each stage is followed by a 
transistor amplifier of the common emitter type* The total 
required phase shift is shared between the two stages* The RC 
circuit used is of the type described in sec* (6*3). These 
circuits cause attenuation as well as delay to the input wave*
The attenuation is compensated for by using high gain saturated 
amplifiers* In order to produce a signal of the same polarity 
as the input9 an amplifier followed by an invertor or two amplifiers 
in cascade would be necessary* Advantage was taken of using two 
amplifiers to produce the total phase shift also in two steps.

Referring to Pig* (8*8C) and assuming a step function tp be 
applied to the input of the RC circuit, a delayed (phase shifted) 
output is obtained from the collector of Ta*

Assuming that the base of T* has a biasing voltage Vb and 
is about to conduct thens-

- Ifrl; ...
where Ra is an equivalent resistance for the input impedance
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of T, across the shifter output terminals* When the signal is
first applied, capacitor C starts charging through R and the
voltage across C is given bys-

«t/cR
V(J ™ VCC ( l  “  0  )  o o a o o ( 8 *  1 7 )

The voltage Vb can be made small compared to Vcc and
therefore transistor T, will switch to conduction at a voltage 
approx* = Vb which is^<,Vec* Eqn* (8*1?) can then be 
approximated tos-

vc ~ Vcc c ^

T̂  starts to conduct and produce an output when vc across 
the capaictor G reaches Vb* therefore it follows thats-

Voc t Too R» . (a 1R\CR (r, + Rj) •••*• 8̂‘18'
Ror t » GR o • •**. (8*19)1 2

The values of the resistances Rfl , R2, end R should be chosen 
so that the capacitor 0 would charge through R and discharge 
through (Rj and R2) in parallel, in less than half the period of 
the square wave input to the RG shifting network* The output of 
T1 would then follow the input, and the angle of delay between 
them will bes-

©? «   (8 .2 0 )
where T is the period of the square wave input*



This first amplifier was coupled to an RG composite network, 
made of two sections in tandem* The output of this circuit is 
applied in turn to an amplifying stage T2 similar to Tr

The signal amplitude, after attenuation in the delaying 
circuit, is enough to drive T2 between saturation and cut-off*
The biasing resistance R3 is made adjustable to provide a control 
over the HM/SM ratio of the square-wave output of T2*

This arrangement produces a delayed square-wave, with steep 
edged output, del aye behind its input by 0  ̂*

For practical purposes, the change of the delay angle 
is achieved by varying the RC components of the shifter circuit. 
This provides satisfactory shift for practical pilot circuit 
lengths within 40 miles*

However, another circuit was investigated for providing a 
variable square-wave output delay from (+ f1 to - f* ), in order to 
cover greater pilot lengths, and its output can be calibrated in 
degrees* The main parts of this circuit and their functions are 
described in sec. (2.5o5o)°

This last mentioned oirouit has a complicated design nature
. i

and no successful design was obtained using one rail power supply* 
The monostable and the integrating circuits require at least two 
power supply rails (negative and positive) as well as a zero rail 
to provide satisfaotory performance. The monostable oirouit is not 
immune from pick-up due.vfco switching operations in its vioinity, 
and oare should be taken for shielding it properly, if
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maloperation has to he avoided.
However, although such an arrangement gave reasonable

\

satisfactory performance, it is considered complicated and 
uneconomical compared with the RC shifting circuit of Fig* (8.8C). 
This complex circuit causes an error in the mark/space ratio as a 
result of any departure in the power system frequency, as well as 
variations in power supplies and temperature.

Errors due to temperature and power supply variations 
may be partially compensated for, but at the expense of introducing 
further complexity in the circuit. The departure of the frequency 
of the power system from 50 c/s causes the duration of half a 
cycle to be different from 10 m.s. which is the overall time delay 
of the monostable* This produces an error in the "M/S'* of the 
output wave* It is difficult to avoid such errors, but with the 
frequency variations likely to occur on the British grid they do 
not exceed +4$°

8.7. Receiving/Reshaping Oirouit
The function of this circuit, as described in sec* (2*5*6) 

is to recover the remote end square-wave transmitted over the 
pilot circuit. In other words, the circuit compensates for the 
attenuation which the signal has suffered over the pilot oirouit*

The circuit shown in Fig. (8*9) comprises two amplifiers, for 
receiving/reshaping, of the high gain common emitter configuration.
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The input to the first amplifier is fed from the differential 
bridge circuit, eec0 (808)0 This stage is used for amplifying 
the received signal and eliminating any spikes or sporadic pulses 
coming through the pilot circuit. The value of the condenser Cs, 
Fig. (809)» is made just large enough to eliminate these undesirable 
pulses. The biasing potential divider Ro/(Rg + R st)y provides a 
very small bias Vb at the base of T, and Rs is made very small 
to allow a very short discharge time for 0qo This controllable biaB 
feature is to produce an output at the collector of a unity WH/SW 
ratio. This output is coupled to the-second reshaping high gain 
amplifier T2. This amplifier restores to the received signal its 
steep fronts and produce a square-wave output before applying it 
to the coincidence circuit 0

Two cascaded amplifiers (or an amplifier/invertor arrangement) 
are necessary to produce a wave having the same polarity (phase) as 
the received signal,

8 ,8. Differential Bridge Oirouit
The funotion of this circuit is stated in sec. (2»5o3«)» 

Briefly the oirouit arrangement directs the local end square-wave 
towards the pilot-oirouit and avoids its return with the received 
signal which Ab also guided by the differential bridge to receiving/ 
reshaping circuit.

Fig. (8«10A), illustrates the final*arrangement adopted for 
the bridge differential oirouit, , It consists of transistors T1 and
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Receiving
Circuit(A) Differential Bridge Arrangement

Bridge Output 
Transformer
Pulse Transf.

Z Balancing 
Impedance

C D.C. Blocking 
Condenser

Tp T Pilot
Isolating
Transf.

(B) Push-Pull Driving Circuit

DIFFERENTIAL BRIDGE CIRCUIT 
FIG, (8,10)
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Tj in a push-pull arrangement with the "bridge transformer Tg.
T1 and Tj are driven by twp square-wave inputs having 

opposite polarities. The output of the squaring oirouit Fig. (8.1)f 
is taken through transistor Tj, Fig. (8.1 OB), where transformer 
is connected across its collector and earth. T̂  is a pulse 
transformer with an earthed centre tapped secondary. The two 
secondary terminals of Ta are in antiphase connected to drive T* 
and Ta of the push-pull amplifier.

This arrangement was quite satisfactory, but the pulse 
transformer Ta is considered rather an expensive item. An 
alternative way of driving the push-pull amplifier has been used by 
taking two outputs from an emitter follower at the output stage 
of the squaring Circuit. One of these outputs is applied 
directly to the base of Tt, Fig. (Q.10A), while the other output, 
after being inverted» is used to drive Ta« The operating points 
and input signals of the two transistors T1 and Ta, Fig. (8.10A), 
are made as similar as possible. Both transistors have equal load R 
in their collector circuits, this is rather an important part in 
the design of the differential bridge.

The push-pull stage has the advantage of doubling the swing 
to twice that'of the oollector of T, or Ta. Each of these 
transistors has a swing approx. equal to±Veo/2. The voltage 
swing aoross the primary of Tg is therefore, almost equal to Voo.
By the appropriate ehoioe of the transformation ratio of Tg the voltage 
applied to tha pilot oirouit can then be determined. If m higher



voltage, than that determined by the relaying circuit power supply 
(Vcc), is desired a separate power supply can be used for the push- 
pull amplifier. Tg is designed as a pulse transformer to produce 
faithfully a wave oh its secondary circuit of the same shape as 
that impressed on the primary winding.

Two square-wave outputs, of opposite polarities are obtained 
from the bridge transformer. One of these square wave outputs is 
applied to the pilot circuit through a pilot-line isolating 
transformer Tp.i,. and the other to a balancing impedance ZQ* The 
transformer Tp.L. Is also designed as a pulse transformer and has a 
unity transformation ratio.

The value of the load R in the collector circuits of T1 and 
T2 of the push-pull stage, determines the shape of the wave applied 
to the pilot-cirouit. These resistances R combine’with the apparent 
resistance and capacitance of the pilot equivalent circuit" to 
form a circuit having a time constant which determines the 
departure of the wave from a square one.

In practice, the oombined circuit of the load R with the 
pilot oircuit will generally be almost that of an RC, even if the 
pilot is loaded. This time constant defines, in effeot, the deforming 
action of the square-wave. If the collector load resistances R 
are made small enough, the effect of different pilot ciroults would 
be limited almost to the value of R in the push-pull stage, since R 
effectively shunts the apparent pilot-resistance.

The balancing impedance Zq, has to be made equal to the



apparent impedance of the pilot-circuit as seen from the secondary 
pf the bridge transformer Tg, As in many other pilot-wire schemes, 
the best form for this impedance to balance the pilot-circuit is 
found to be a series combination of a resistance and a condenser 
even for loaded circuits, A variable resistor having a max, value 
of 2500 ohms and a tapped condenser of 11.0 pF adjustable in steps 
of 0,1 up to 1,0 pF and in steps of 1.0 pF up to 10,0 pF, are 
adequate to cover most practical pilot circuits for a length up 
to 40 miles,

8.8,1. Pilot Voltage Wave Shape
It has been mentioned in the previous section that the value 

of the load resistance R, Fig, (8,10) determines, to a great extent, 
the shape of the wave to be impressed on the pilot-circuit.

Fig. (8,11) illustrates some of the pilot-circuit voltage 
wave shapes, under different fault conditions as well as over 
different complex pilot circuits.

For the external fault case, shown in Fig, (8.11), the 
pilot-circuit was built up of artificial lines to simulate 45 miles 
of a 20 lb/mile cable. This is composed of 20 miles of load line 
and 25 miles of an unloaded cable. The constants of these 
artificial lines are given in Tables (7°1) (a) and (7.2) (d) and (e) 
respectively.

The two upper traces (A), represent the local and remote end 
square-waves, while the (B) traces show the wave shape over the



PIP» (8,11) PILOT VOLTAGE WAVE PORMS,

(A) End (l) and End (2) B̂ tiare-Wavee*,

(B) Pilot Line \̂ ave Shapes at End 
(1) and End (2),

(0) Same as (B) on Extended 1'ime Base#

(i>) Local Ends Pilot Voltage and 
Received Signals*

(13) Pilot Voltage Wave Porm on Pirst 
Switching Operation,
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pilot circuit. Traces (c)  are the same as those of ( b ) but for an 
extended time base.

In the case of an internal fault, shown in Pig. (8011)V the 
pilot-circuit was composed of a 25 miles of unloaded line*
Table (7*l)(a).

Comparing the traces (c )  shown in internal and external 
faults* it can be easily seen that the effect of different pilot* 
circuits would result in different wave shapes impressed on the 
pilot-circuit * The departure of the wave shape from being square, 
i.e. the time constant* depends on the nature of the pilot circuit 
However* it is clear that this time constant increases as the 
pilot length increases. It has also been noticed that loaded 
pilot circuits would generally tend to give a little larger time 
constant than unloaded ones.

The middle two traces of Fig. (8.1 ID) show the pilot voltage 
wave shapes at the local and remote ends of the proteoted section, 
(in enlarged soale). The upper and lower traces of Pig; (8.11D) 
show the received waves over a 45 miles pilot-circuit. This 
circuit comprises 25 miles of unloaded 20 lb/mile plus 20 miles of 
40 lb/mile cables. The constants of these lines are given in 
Table (7•1) (a) and (c).

The slight difference in the magnitude of the-two received 
waves, can be noticed, due to the disymmetry of the pilot*eircuit.

Pig. (8.11E) shows the pilot voltage wave shape ■ under* single 
infeed (bottom trace), while the upper trace shows the input to
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the zero-sequence starting circuit, only as reference. The: case 
represented hers is a simulated single phase to earth fault.

However* it can he noticed that the pilot voltage follows 
its normal pattern after the first one and a half-cycle.

This was traced to be due to capacitive coupling effects 
between some of the stages of the relaying circuit and due to another 
factor, not associated with scheme, from the supply transformer 
where a small transient component was included as can be seen from 
the top trace. The supply to simulate an earth fault was taken 
through a phase shifting unit which has an output transformer.

However, this effect would not generally be met when the 
supply is taken from the linear couplers as their output iB 
transient free, sec. (3«5)*>

It is also noted that the effect of the capacitive 
coupling between some stages of the relaying circuitry would 
diminish on subsequent switching operations and even so it has 
very little effect on the first switching operation only.

When the scheme is operating under normal (healthy) conditions, 
the relaying circuits are always energised and continuous comparison 
is oarried-out between the line current at the two ends. Tripping 
is then controlled by the starting element, as explained in 
Chapter 2 and sec. (8.2).

The first switching-in operation of the system, under healthy 
conditions, will, therefore, not cause raaloperation since the 
starting oirouit signal will not be present. Any change in the
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mark/space ratio of the local and remote end square-waves, when 
switchirig-in, will therefore cause no hazards.

In oases of switching-in on an internal fault, with single 
or double infeed, tripping should take place within 2 cycles.

The probability of switching-in a system on an external 
fault, would be the only possible case where this effect may cauBe 
some hazards. However, such a case is always considered of a 
second order risk and is not worth further complications to be 
included.

8.9. Mounting and Aaaemtlv of Relaying Circuits
In order to simplify the wiring of the relaying oircuits1to 

the highest degree, printed circuit techniques, which are most 
suitable-for transistor circuits, have been used. ' The1 transistorised‘ 
circuits of the scheme are sectionalized, according'to their

4

respective functions into a number of plug-in printed circuits.
This makes every unit readily accessible and facilitates reproduction, 
if desired, ss well as reducing maintenance difficulties*

The whole transitorised relaying oircuits, for the two ends
i

of the protected section, are mounted on two chassis shown in 
Pig.(8.12),

The interconnections between the chassis, including the 
artificial lines unit, are made through plug-in cable sockets 
mounted on the back side. Some points which may be "required for 
monitoring, testing, adjustment, and maintenance purposes have been 
brought to the front side.
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CHAPTER 9

PERFORMANCE AMD TBSTIHS OP THE DEVELOPED SCHEME

9.1. Introduction
A complete equipment for the developed comparison scheme was 

constructed« This vas based on the analysis, design, and 
information given in the previous chapters. The equipment oonsists 
mainly of two Identical units, one for each end of the protected 
section, as well as the artificial pilot-line units desoribed in 
Chapter 7«

The block diagram of the equipment at each end of the line 
is shown in Fig* (2«1). The functional diagram of the subdivisions 
of each unit are also given in Chapter 2 and their design details 
are given in Chapter 8.

Steady-state tests were oarried-out step by step on each 
individual sub-unit during assembly as well as on the complete 
assemblyc In order to determine the speed of response of the soheae 
and its rate of tripping, timing tests were performed on the whole 
scheme after completion

The performance of the soheme has been investigated over 
different complex pilot circuits, built up from those mentioned in 
Chapter 7«
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9o2. Steady State Testa
The arrangements for the steady state tests were carried out 

by disconnecting the segregating circuits at end (l) of the 
protected line and introducing a phase shifting device instead.

It was arranged that this device would produce an output 
of adjustable magnitude and phase angle. The output was applied 
in turn to the starting circuits as well as to the squaring 
circuits. In order to simulate design conditions as near as 
possible the output impedance of the phase shifting device was 
made equal to that of the segregating networks.

A single phape to earth fault was then applied to the 
segregating networks, at end (2) of the protected section. The 
relaying quantity MImH applied to the squaring circuit of this 
end equipment, was chosen to have a variable a = (m/n), as given 
in eqns (5*1). The range over which “a1' can be varied is from 2 
to about 6.

The fault considered is a phase MAM/earth fault, sinoe this 
phase has the lowest setting, eqn (6.114) o

The magnitude of the relaying signal at end (1) is made 
variable over the range from minimum setting to about 200 times
setting. The phase angle of this quantity can be adjusted to

»>

have any desired value w.r.to to end (2) signal.t „
Several steady state tests were carried out, and numerous 

oscillograms were recorded for both internal and external fault
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conditions. A representative selection is shown in Fig. (9*1) 
for the behaviour of the scheme under such steady state conditions,

(a) External Fault
(Healthy conditions, i.e. Q « 0°)

The angle is defined as the angle of departure of the 
two end signals from the antiphase position.

Oscillograms (A) and (b) give the sinusoidal currents and 
the generated square-wave outputs at the two ends of the protected 
section. Traces (c )  and (d)  illustrate the square-wave inputs 
to the coincidence circuits, Fig. (8.7)9 for the local and remote 
end, respectively.

Oscillograms (e), Fig. (9®1), show the pulses to the , 
auxiliary tripping relay at the two ends of the protected section. 
It can be noticed that the relays current pulses are of a very 
small duration indeed and are 560° apart. Ideally, there should 
be zero current flowing under such conditions. These tiny 
pulses (spike like) are due to accumulated errors in the mark/space 
ratio of the square waves arising from the different relaying 
circuitry. They are mainly attributed to the receiving/reshaping 
circuit as well as the phase shifting circuits, Fî s (8.8 and 
8.9), which may have small deviations from unity in the rtM/SH ratio 
of their square-wave outputs. However, there may also be some 
error attributed to the square wave generating circuits, 
sec. (8.2)0 Slight incorrect adjustment in the balancing



ffEG. (9.1) STEADY STATE PERFORMANCE OF THE SCHEME.

(A) Local and Remote End Currents.

(B) Local and Remote End Square-Wave<>

(C) and (B) Inputs to Coincidence Circuits
for Both Ends,

(13) Pulses to Tripping Relays.
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impedanoes Zc of Fig. (8.10) may also contribute to the error*
However, all these accumulated errors in the mark/space 

ratio, of the various square-waves, do not exceed The 
maximum pulse width, resulting from the errors, given to the 
tripping relay is about 8°*

(b) Internal Fault
M$N » 180° in Pig* (9ol)

This case represents an internal f ault with double fault 
current infeed from both ends of the protected line.

The oscillograms (a), (b), (c) and (X>) show, as in the 
previous case, the end currents, the local and remote end 
square-wavesp and the inputs to the coincidence circuits, 
respectively.

Traces (s) illustrate the shape of the pulses given to the
\two auxiliary relays at the two ends. It can be seen that 

these pulses are in the form of a square-wave of unity mark/space 
ratio and following the inputs (0) and (d) but having an opposite 
polarity (antiphase).

(o) Internal Fault,
0-40°

The case represented here is that of an internal fault 
with the remote end current infeed lagging behind the antiphase 
position by 40°.



Comparing the square-wave inputs to the coincidence circuits, 
traces (c )  and (d) , in Fig* (9d), with the pulses to the relayB 
shown in trace (e), it can be seen that a relay pulse occurs when 
the input waves coincide to be positive* The two tripping pulses, 
each given to the auxiliary relay at one end, differ slightly in 
width* This difference is, however, within the tolerance range 
of the tripping angle, i«e. +, 10$*

All the above tests are carried out over a pilot-oircuit 
of 40 miles which comprises 25 miles of 20 lb/mile and 15 mileB of 
6*5 lb/mile G.P.O. unloaded cables* The total pilot loop 
resistance was then about 6000 U0

9.2.1.
The above tests and a similar variety of tests have been 

simulated to determine the stability angle "a" of the scheme.
This angle can best be determined from the polar 

characteristics of the scheme.
For the case of a single phase to earth fault at end (2) 

of the line, the relaying current at tba end (1) was kept constant 
over a wide range of values up to about 150 times setting.

The phase angle between the two relaying quantities was 
then varied tp show the locus of the current vector at the looal 
end (1) while the current at end (2) was kept oohstant at a value 
of 0.5 mA, i.e. at about 10 times minimum setting.
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Fig* (9.4A) shows the phase angle characteristics of the 
scheme for both leading and lagging angles of end (i) current.
Fig. (9«4B) gives the emplane characteristics of the scheme, i.e. 
for the complex ratio of I(l)/l(2)° Fig* (9.4B) represents the 
case when 1(g) was kept at 0„5 mA0 The scheme arrangement as a 
whole, including the ironless-core C.T.s, is a linear one.
With higher currents at end (2) and end (0* the1
characteristics then do not change a great deal as far as the 
phase angle is concerned*

From the results shown in Fig. (9.4), it can be seen that the 
scheme has a minimum stability angle of 0 = +a ££ 4O0,

The accuracy of the performance of the scheme, or the 
tolerance in the angle can be seen to be within +10$ of the 
minimum value given above.

This angle can be increased, if desired, by adjusting the 
setting resistor Rst of Fig* (8.7A), which controls the width of 
the tripping pulse to the auxiliary relay, as explained in 
sec. (8.5)«

9*2.2. Sensitivity
The developed scheme is a phase comparison one, and,therefore, 

its rate of tripping is independent pf the amplitude of the 
primary signals as long as they are in excess of a certain minimum.

The ironless-core O.T.s incorporated in the scheme have a 
transfer impedance of 10V/kA primary current. The sequence
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segregating networks, Fig. (6. 16), which are supplied from these 
linear couplers produce outputs proportional to the sequence 
components of the fault current, seq. (6.4*4*)*

Under a case of a single phase to earth fault on phase nAn, 
where the three sequence components are equal, the input to the starting 
circuit (2) is given by v£ = JIqVq, Fig. (6.16). With the 
particulars of Ro .» 3.55 kQ and ro = 56P, the minimum setting;for 
this starting oircuit was adjusted at v& 80 m.v. (r.m.s.).
This corresponds to a primary fault current of about 500 A under 
such fault conditions. The input amplifier for this oircuit, T,
of Fig. (8.3) t was made to be driven into the saturation region for

1 . • ' ; 1 \
higher fault current levels. This setting is limited by the error 
signals appearing at the output terminals of the segregating 
circuits, sec. (6.4*3*)> due tq harmonics, pick-up and frequency 
deviations under normal load conditions. If higher sensitivity is 
desired the ironlesq-core G.T.s can be designed to have higher 
transfer impedance or alternatively more than one amplifying stages 
can be used at the input of the starting circuit, Fig. (8.3)*

The minimum input to the squaring cirouit V&, Fig. (6.16), 
at which the square-wave output is generated corresponds to a 
primary current setting lower than that of the aero sequence 
starting circuit. This means that phase comparison signals are 
transmitted over tĥ  pilot-oirouit before any comparison oan take 
place at either end of the protected line.
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Troubles such as high frequency oscillations have been 
experienced due to high sensitivity of the receiving circuit,
Fig. (8*9)» when the scheme operated over long pilot circuits in 
the order of 7000Q. With a power supply voltage of only 10 volts 
for the push-pull amplifier arrangement of the differential bridge 
oircuit, Fig. (8.10), and with a pilot isolating-transformer 
having 1*1 turns ratio, higher pilot circuit resistances than 
7000Q caused large attenuation to the signals and in some cases-it* 
was difficult to recover the signal without interference from 
pick-ups, noise, etc.

For practical field applications, the case-may be 
worsened by higher noise levels. In order to avoid sucirconditioni 
a separate power supply may be used for the push*puil amplifier
of the differential bridge circuit and with the proper ohoice of

\

the transformers turns ratio, a voltage of the order of 50 volts 
would be suitable, for most praotioal applications, to be 
impressed on the pilot-cirouit. Using suoh a voltage level would 
make it easier to overoome any noise or pick-up levels even for 
practical pilot-cirouits having a resistance up to 10,000Q.

It is notioed that a square-wave having a magnitude of 50volts 
would be well within the limits stipulated by the G.P.O., 
ssq. (7.2), and would eliminate any risks of overvoltages reaching 
the pilot-oireuit, unlike the present conventional sohemes in oase 
of failures of the voltage limiting devices at the pilot oircuit 
terminals.



PIG* (9,2) TIMING- TESTS INTERNAL FAULT ( 6 ^  180°)«

(A) Input and Output to Btarting Circuits 
End (1) and End (2)*

(B) Starting Signal Input End (l) and Pulses 
to Auxiliary Belays End (1) and (2).

(0) Relay Currents and 1'ripping Contacts 
Supply at Both Ends*

(D) Zero-Sequence Starting Input Signals and 
Supply to Gripping Contacts of Auxiliary 
Relays (Both Ends)*

PIG. (9.3) TIMING- TESTS FOE (8 = 40°).

(A), (B), (G)# and (D) as for FIG. (9*2)

(E) Pulse to (tripping Belays and Relay Contacts 
for Ends (1) and (2) under Repetitive Fault







9*3* Performance, and Timing Tests.
Timing tests were carried out on the relaying scheme with 

different angles between the relaying signals at the two ends of 
the protected line. These cases simulated internal and external 
faults. The procedure of these tests can be described briefly 
as followsj-

The simulated fault case was a single phase to earth fault 
at each end of the line. The angle between the relaying quantities 
was adjusted to any desired valuep in a manner similar to that 
described in sec. (9*2). The two relaying quantities as well , 
as the two input signals to zero-sequence starting circuits would 
then be applied simultaneously to the equipment at both ends of 
the line. This was carried out through the contacts of a relay 
incorporated in an electronic unit which also provided a trigger

I
pulse of variable time delay for triggering cathode-ray .

%

oscilloscopes. The triggering pulse was adjusted to trigger the 
oscilloscope a short time before the starting signals were applied.

Sinoe the simulated conditions were of single phase to 
earth faults, and such conditions are detected by the magnitude 
of the zero-sequence component of the fault current, these starting 
signals were used as reference signals in all the timing tests. 
Under such fault conditions, these starting signals represent 
also the phase angle of the fault currents.

The performance for different angles nQn between the two 
relaying quantities is shown in Fig.s (9.2 and 9.3).
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In Pig. (9.2) the angle "0% measured from the antiphase 
position, is 180°. This represents a case of internal fault on 
the protected feeder*

The four traces (a) in Pig. (9*2), give the starting signal, 
(the zero sequence current), and the starting circuit step function 
output voltage for ends (l) and (2), respectively; It is noticed 
that the two starting circuits, for both ends, operated on the 
first negative half cycle and the circuit at end (1) gives an 
output in a period of just over half a cycle while that-of* end (2), 
produces an output in about 0*75 of a cycle. Traces" (fl) give the 
strating signal for end (1) and the auxiliary relays current at 
the two ends of the line. It can be seen that both currents start 
within 1*5 cycles from the moment of incidence of the starting 
signals* In traces (c), Pig. (9«2), the auxiliary tripping relays 
current as in (b) are showh together with the tripping supply to 
their contacts. It is noticed that the contacts of both relays 
close within the first half cycle from the appearance of the relay 
tripping pulse.

The last group of traces, (D), show the starting signals 
"̂same as first and third traces in (aX.7 and the supply to their 
tripping contacts. Both ends of the line trips within 40 m.s. 
from the inoidence of the starting signals.

The above tests were performed on a pilot circuit of 
25 miles of unloaded 20 lb/mile oable.



Pig. (9.3)t (A to 3)), give exactly the same traoes as in 
Pig. (9.2), when Q « 4O0. This represents an internal fault with 
the end (2) current leading the antiphase position by 40°.
Prom (A) it can be seen that the starting circuits at the two ends 
of the line picks-up within less than 0.75 of a cycle. Prom the 
three traces shown in (b) , it is noticed that the auxiliary 
relays current appear as a train of pulses 560° apart. Each pulse 
has a width of about 40° * The first relay pulse appears after a 
period of almost 2 cycles from the beginning of the starting 
signals. Traces (c) show that the auxiliary relays contacts close 
at approx. the appearance of the second relay current pulse;
The time taken from the appearance of the relay pulse till contacts 
are closed is just over one cycle.

The overall operating time under such conditions'oan be 
known from the traces (d) in Pig. (9*3)» This time' for' arid (2) 
of the line is about 75 m.s. and approx. 65 m.s. for end (l).

The above test was carried out over a pilot circuit of 40 
miles comprising 25 miles of unloaded and 15 miles’ of loaded 
20 lb/mile G.P.O. cable.

The tripping rate of the scheme does, however, vary a little 
over different pilot circuits and Pig. (9-5) gives*the -trend for 
the average tripping time of the scheme under different pilot 
conditions. The average operating time trends are"plotted 
against *9” for oases of leading and lagging angles* as the 
difference in operating times between these two cases was quite
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small. From Fig. (9*5) it can be seen, however, that the scheme 
operates within 4 cycles for the most unfavourable conditions.
This operating time includes also the auxiliary tripping relay 
time*

Traces (e) of Fig. (9.3) show a simulated repetitive fault 
at end (l) of the line. The case represents a fault with an; 
angle Q == 40° between the currents at the two ends of the line.
The starting signals were switched on together and then that of 
end (l) was switched off as soon as the contacts of the relay 

wore closed and reapplied again after a short duration.
It can be seen from the two upper traces in (e) that 

the contacts of the auxiliary relay at end (1) closed with the 
appearance of the first relay current pulse and were held closed 
for approx. 2 cycles, before the relay reset itself*

Meanwhile, the starting signal was reapplied‘and~with the 
reappearance of the first relay current pulse the relay contacts 
redosed*

This test ensures that the scheme is Immune“from "chattering 
risks of the auxiliary relays, once their tripping'pulse'has 
reached a predetermined value, as the train of pulses'to-the'‘ 
relay are 360° apart.

9.4. Effect of Pilot Olrouit Failure
It has been mentioned in sec. (1.2.1) that the pilot



256 o

supervision equipment is almost incorporated in all present 
conventional pilot-wire schemes* ' <

Two different arrangements of this supervisory equipment 
are also shown in Fig* (l,5 A and B)„ The supervision was carried 
out by injecting Do Co circulating current around the pilot loop*

In the developed scheme, such an arrangement is neither 
required nor desirable* The D*Co may interfere with the phase 
of the relaying signals and may also have some effect on the 
magnetisation of the pilot isolating transformers*

In the developed scheme arrangement there is a continuous 
signals received over the pilot link and this can be used as 
with continuous load supervision schemes0 This is preferred to 
Do Co supervision sipc$ it eliminates the inclusion of L*S* and H* 
set starting features for supervision purposes, as well as the 
supervising supply equipment itself*

A fault on the pilot circuit, e*g0 an open-circuit or a 
short circuit, would cause unbalance of the differential bridge 
circuit, Fig* (8*10), with the consequence of a voltage appearing 
at the point "m" due to the local end signal*

This state of affairs would not cause incorrect tripping 
since the starting relay signals are not present* Such conditions 
may cause incorrect tripping only when they coincide with the 
occurrence of an external fault*

Cases of open-circuit or short-circuit on the pilot link 
would result, in most cases, in the appearance of a rectangular
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wave at the output of the receivipg/reshaping circuit, Fig. (8.9)* 
The case of pilot core reversals would cause no effeot on the 
scheme performance, unlike conventional differential schemes.

However, advantage can be taken from the appearance, dr the 
absence, of these rectangular waves at the output of the receiving 
circuit to give an alarm feature, if desired, to replace 
supervisory equipment.

The arrangement for this suggestion is shown in Fig, (9*6)• 
Input (1) is a square wave having a unity MM/SH ratio fed from 
the output of the phase shifting circuit, Fig. (8.8), while 
input (2) is the output of t̂ie receiving circuit.

This output under healthy pilot conditions is also a square 
wave of unity mark to space, while under pilot failure will be a 
rectangular wave or disappear completely as the case may be.

The relay P.S.R. 1b held closed under healthy system and 
pilot conditions due to the input (l) and (2) being in antiphase. 
Under system or pilot failures this relay drops and energises the 
time lag relay Tp through ite normally closed contact P.S.R.

If the fault is due to a pilot failurê the tripping relay 
T r has a normally dosed contact in series with the alarm and 
once Tp doses it sounds the alarm. In the oase of faulty system 
conditions, T r operates before Tp and T.R. contact will be open.
Tp will then operate with no consequences.
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9*5. Effects of. Temperature and Power Supply Variations
It is well-known that the transistor is a temperature 

sensitive device* All the parameters of a transistor vary with 
temperature, particularly the d.c. current gain ”aH, the collector 
cut-off current "Ico" > and the base to emitter voltage drop "Vhe11.

The transistors in the relaying circuitry are designed, as 
menitoned in sec* (8*1), to operate as switches or as saturated 
amplifiers in order to minimise risks of incorrect operation due 
to variations in gain*

The variation in the gain parameter na!l may differ a little 
and therefore its tolerance would appear to be of little consequence 
in circuits of the common base configurations. This was one of 
the main reasons of adopting an amplifier in a common base 
configuration at the input of the squaring circuit to control the 
mark/space ratio of the generated square-wave output, as 
mentioned in sec. (8.2).

A major contribution to instability, for transistors in a 
common-emitter configuration, is the term (1-a) in the current 
gain "P”; the variations due to this term must be reduced as much 
as possible. In designing the input amplifiers of the fault 
detecting circuits, sec. (8.5*1), the effect of temperature 
variations on their linearity was minimised by using high voltage 
rated silicon transistors. Drift due to change of Vbe or a, 
is of the same order for germanium and silicon transistors, but
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the silicon type proved to provide better stability due to their 

extremely low ICo° ^ke effect of this leakage current was 

further reduced by using high voltage rated transistors operating 

at low collector voltage and high collector current values*

Such an arrangement proved to be satisfactory as far as 

keeping the sensitivity of the pick-up level of the starting 

circuits within 10$ of the setting, for a temperature rise about 

25°C over the ambient temperature*

For the above mentioned range, of temperature variations, 
the stability angle of scheme was found to suffer a change of 
about +12.5$ of its normal value of 4-0°* This was traced to be 
due to the change in the unity mark/space ratio of the output 
square-waves of the phase shifting circuit and the receiving 
circuit, Figs. (8.8 and 8*9) respectively.

However, the situation could still be improved by using 
silicon transistors, as mentioned earlier in this section, for 
these two particular circuits.

The performance of the scheme, as a whole, does not suffer 
any appreciable change when the power supply voltage was varied 
between -15 to +10$ of its rated value. The change in the 
stability angle for such a range of variations was less than 
+, 10$* This change is small and can be aocepted without any 
need for applying further complicated compensation arrangements 
in the circuitry.



FIG. (9.7) yHSU OF TUB COMPLKTB BQUIPMBHT DURING
TESTING.
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Fig.,(9*7) shows a view of the complete equipment of the 
scheme during one of the testing stages*
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CHAPTER 10 

CONCLUSIONS AND RECOMMENDATIONS

1.0.1 General Considerations
Due to the nature of the work described in this thesis, conclusions 

regarding specific problems must be drawn in stages0 This has, in fact* 
been mentioned in most of tbs previous chapters0

There are, however, some more general points which arise from the 
work as a whole0

10*2 Selection of Relaying Quantities
A single relaying quantity derived from all the three phases at each 

end of the protected line, is adopted for the comparison Boheme developed 
in tfris worke

One quantity representing the phase angle and two quantities 
indicating1the fault were chosen at each end of the line to meet various 
fault conditions on the primary system as well as to obviate lnoorreot 
operation due to pilot-circuit failures*

The summation transformer as a means of providing this single relaying' 
quantity, has proved to be unsuitable for some resistance earthed systems.

The analysis of the summation current transformer under single phase 
faults gave a criterion, based on practical conditions,;for the S.C.T. 
turns ratios of n^5 in an arrangement (ngn+1 sn + 2) turns ratios. 
However, the SoC.T. is suitable for directly earthed systems provided its



turns ratios are correctly chosen0
The corresponding arrangement with ironless-core C.T̂ s, offers more 

advantages than a summation scheme with conventional S.C.To 
i The adopted sequence currents combination as a phase angle 

representing quantity was quite satisfactory for the transmission system 
considered in chapter 5, and for' the range of system parameters evaluatê  
in sec0 (5o8)„

For further work, it is suggested that a more general case for the 
study of the behaviour of such a relaying quantity would be a double 
circuit teed'feeder having ring generations at its terminals. The 
effect of mutuals in the case of untransposed lines can be considered.
This problem can be best tackled on a digital computer. A moving earth 
fault on one circuit of the transmission system as well as simultaneous 
faults would also be envisaged to find any "blind spots" for such a 
relaying quantity.

The effect of different transformer connections at the line terminals 
introduces a phase angle error between t he relaying quantities at eacb 
the protected section , Such a topic is worth further analysis in more 
detailo

However, it is felt that a minimum stability angle of about i 45° 
would cover such cases as well as power swing.conditions on feeders of 
1J2 kV system, sec. (2oj)o



10.3 Performance of Ironless-Core C.T.s (Linear Couplers)

Ironless-core C.T.s (linear couplers) are associated with the 
developed scheme for the advantages they offer. They have aLso their 
limitations, chapter 3. Their advantages can he summarized as followss
(a) Linearity

They represent in their circuit aspect a linear transfer impedance, ‘ 
i.e. they produce output voltages which are linear functions of the current 
flowing in their primaxy circuit.

This linearity is not over a limited range as in the case of D.A.G. 
current transformers, which were associated previously with pilot-wire 
protection. *,
(b) Transient Response

It has been shown in chapter 3 that, when the primary current contain̂  
a unidirectional component, the corresponding component in the secondary 
voltage of a linear coupler is reduced by the "Q" factor of the primary 
circuit. It can, therefore, be considered, from the practical view-point, 
that they produce no transient output.

Troubles associated with transient components in phase-angle-oompari- 
son schemes have been-avoided and saturation problems are completely 
eliminated.
(c) Stability

The stability of summation schemes with linear couplers depends only 
on the tolerance within which the toroid coils are wound. A stability



ratio of a single phase summation voltage scheme was found to be about 
250, sec. (6.2.7)*

The th re e  phase summation Bcheme, co rrespond ing  to  th e  co n n e c tio n
S

of the summation current transformer has an effective stability ratio 
about half the above mentioned figure, sec. (4*4*1). No biasing arrange­
ments are necessary as in the case of conventional C.T.s.

The m ain l im ita t io n  o f th e  iro n le s s -o o re  C .T .s  has been in  th e ir  

low  power o u tp u t. In  th e  work d e scribe d  h e re , th is  is  no lo n g e r a l im i­

ta t io n  s in c e  ; tra n s is to r is e d  re la y in g  c ir c u it r y  were UBed. The work 

c a rr ie d  o u t and d e sc rib e d  in  th is  th e s is  dem onstrated c le a r ly  th a t such 

a l im ita t io n  can be p r a c t ic a lly  a n n u lle d  u s in g  s ta t ic  re la y in g  te ch n iq u e s .

10.4 Sequence Segregating Networks
Sequence components segregating networks of a novel form have been 

developed and operated satisfactorily when associated with ironleBs-core 
C.T.s*

These cirouits, chapter 6, are simple, very cheap, and economical. 
Bulky and expensive iron-inductors were completely avoided on grounds 
of oost and spaoe eoonomy. Thus avoiding the use of any element which 
may introduce non-linearities. Extending the application of these 
segregating network to other fields of protection is obvious. They 
have great importance when associated with transistorised relaying 
oirOuits.
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(32)A relaying element* which was also developed by the author' ', 
operated satisfactorily with the segregating networks described in 
sec (6*2)*

The application of these segregating networks, when associated with 
linear couplers, in alternator protection as well as in carrier protection, 
produces obvious advantages* In carrier protection such an arrangement 
eliminates the use of complicated filter circuits which are generally 
incorporated to filteivout the unidirectional components of the fault 
current* Subh filter circuits were always a source of subsidence trans­
ients and oscillations*

The segregating networks developed in chapter 6 ar& frequency 
insensitive, for all practical applications, as the error produced at 
their output terminals is always less than the order of the deviation in 
the system frequency itself*

The absence of any non-linear elements from these segregating net­
works preserves the linearity of their combination with linear couplers 
with respect to the primary current*

10*5 Transistorised Relaying Circuitry

Transistor and semi-conductor relaying devices offer some very 
attractive advantages which include small size, light weight* and low 
power consumption. Other useful properties are their excellent switching 
characteristics and immunity to mechanical shocks and vibrations*



A further point is the improvement in reliability of circuits using 
transistors and semi-conductors* This is attributed not only to their 
Relatively long life but also their use causes a significant reduction 
in the failure rate of other components0

These features of transistors and semi-conductor devices justify
the technique followed in developing the scheme circuitry* The advantages'»
obtained can be summarised as followss-
(a) Low- burden
(b) Greater sensitivity
(c) Higher speeds
(d) Freedom from mechanical disturbances
(e) Light weight, compactness, and Economy in maintenance*

More complicated techniques for designing the scheme circuitry could 
have been used but, as mentioned in chapter 8, simplicity and economy 
without sacrifice in performance, were the two main factors whioh 
influenced1 the design* From the performance of the scheme, chapter 9* 
and of each individual stage, within their limits, it can be seen that 
these aims have been achieved* The limits are acceptable for praotical 
applications*

10*5 Reliability

Long term reliability is essential from the praotical point of view* 
If the mean working time before a fault develops is short, maintenance



and inspection will prove to be uneconomical*
During the past two years of the progress of this work, as the 

different stages of the relaying equipment were constructed, they were 
operated over long periods, under marginal conditions, without any 
failure* In fact in most of the‘cases failure was due to human intervention*

(11)The reliability of the different components used is'
Resistances 0*0001$ per thousand hours 
Capacitances 0*001$ per thousand hours 
Transistors 0*01$ to 0*1$ per thousand hours 
Diodes 0*001$ per thousand hours
The reliability of transistors could be increased with special

technique to 0*001$ per K hours*
£n equipment developed in the Power Systems Laboratory, having a

similar design nature' to those employed in the present scheme, containing
a large number Of components, about 700 (resistors, capacitors, transistors

(31)and diodes) was put on long-term continuous test for a year without any 
component failure*

It is noticed, however, that with the advancement achieved in 
techniques of manufacture and use of transistors higher reliability will 
be achieved*



10*6 Scheme Performance

The scheme developed in this work provides a form of pilot-wire 
protection, employing phase-comparison techniques, which has a 
characteristics almost independent of the pilot-circUit parameters* This 
has been possible by using ironless-core C*T»s and transistorised relaying 
circuits* This scheme would meet the increase in G*P*0* pilot-circuit 
resistances either to qover longer feeders or due to using smaller conductor 
sizes by the G*P*0*

The performance of the scheme, as given in chapter 9, is considered 
satisfactory for pilot circuits of 6000 Q loop resistance, i*e« in the 
range of 30 - 45 milps*

The scheme can easily cover longer pilot lengths if the impressed 
voltage across the pilot-oircuit is increased to, say, 50 volts, as
suggested in sec* (9*2*2)* The limit of the ̂ ilot circuit resistance can

\

then be raised to about 10*000 G* With such long pilot circuits having 
a large loop resistance, it is probable that the transmitted signal over
the pilots may undergo a shift more than 90°* The phase-shifting circuit,

\

sec* (8*6), using simple R-C networks, to delay the local end signal may 
not be sufficient to produoe shifts over 90°* However, for phase shifts 
between 90° and 180°, the effective phase shift can be made less than 
90°, by reversing the polarity of the local square-wave by means of an 
inverting stage, i*e* using the supplementary of the phaee-shd,f t.
(Similarly, phase-shifts between 180° and 2?0° can be effectively reduced)*
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However, such large phase-shifts are unlikely to be met in practice on 
pilot-circuits used for protection purposes0

It can be concluded that the scheme9 as it stands, has a stability 
angle of a « t 40° and an average operating time of about 5 cycles, 
including that of the anxiliary relay* This speed of operation can be 
further improved by eliminating capacitive coupling between some stages of 
the relaying system and using d*c* coupling instead*

This scheme „ unlike present-day' ones, for most applications does not 
need any voltage limiting devices, and therefore eliminating any high 
voltage riskŝ which may damage the equipment,, to be applied to the pilot 
circuit inadvertently*

Furthermore, linear couplers can operate on o*c* conditions without 
giving rise to large voltages as in the case of iron-cored ones#

It is not easy to anticipate the effect of the noise conditions of 
the power system on the linear couplers* It is suggested in sec# (9*2*2) 
that the noise from the pilot-oircuit side can,b6 swamped by impressing 
higher voltages on the pilots and thus allowing to decrease the sensitivity 
of the receiving circuit to avoid any interference from noise, pick-up, etc* 

The only means to obtain information on these last points would be by 
carrying out field tests on a prototype of the developed equipment*
This equipment could then be installed in parallel with an existing 
equipment, i*e* as a duplicate* This will also give, after a certain 
period, an indication on the reliability of components under practical 
field conditions*
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APPENDIX (i)

EVALUATION OP THE ^-EQUIVALENT CIRCUIT FOR A POUR- 

TERMINAL NETWORK

It has been mentioned in sec* (7*3*1) that the w or T 
equivalents of an asymmetrical pilot-circuit can be evaluated 
from the general constants A, 3$ 0 and D of a complex four terminal 
network*

Fig, (7*1) give the relationship between the elements of 
the x and T-equivalents and these constants.

Fig* (i*1a) shows a 4-terminal network having complex 
constants A, B, C» and D* These constants are related by-the well- 
known equations

7b - A. Vr +B.Ir ))   (1,1)
I* - 0, Vh + d.Ir 5

■ 1'

For th* n-equivalent oirouit shown in Fig. (i.1h), the 
relationship between the currents and voltages aret-

v, - vR + (iR + vr.yr)z  (i.2)

and Is - Va.Y8 + (lR + Vr.Yr)   (i.3)
Substituting from eqn (i.3) in eqn (i.2) it oan be proved thati-

Vs - (1 + Yr Z) Vr + (z) Ir )
)... (i.4) '

and IB - (Yb + Yr + Yr.Yb.z)Vr + (l + YbZ)1r )



APPENDIX (i)

f —
A . B i

Sa ZR

* •
C D

A va

■O

(a ) G eneral Four T e rm ina l Network

B

(b ) ^ -E q u iv a le n t C ir c u it

▼a

F ia . ( i . 1 ) . fl-EQUIVALENT OF A FOUR-TERMINAL 
NETWORK.



Comparing eqns (i*l) with eqns (i*4)p it can be easily seen
thats-

C = Ys + YR + Yr,YSoZ )
D = 1 + Yz.Z )

If the constants A, B, C, and D are known or found by 
measurements of the open and short-circuit impedances of the pilot 
circuitp then the elements of the rc-equivalent circuit can be 
expressed in terms of the general constants, from eqns (i.5)t 
follows8-

B Z (i.5)

Z = B
*8 = (D - 1 )/B 
Tr - (A - 1)/B

(i.6)
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