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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.0O. 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.

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
circuits 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, 1is economically Jjustified.
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INTRODUCTION

In the past, inverse time relays were adequate to protedt
simple radiél feeders and they gave reasonable clearing times.,

As g'reault of the growth of generating stations and_their>

‘interconnecting natworks, such aimplé schemes became unsatisfactoryﬂ'

due to lack of discrimination. The introduction of the eariy Merz-
Prioé pilothwireASChemﬁa'pﬁomiSed a solution to the problem.
Pilot~wire schemes héve'béah;applied in recéht yeara to longer
high voltage feeders., The incfeaéing‘length of the protected
section has rrecluded the_uée of private pilots and introduced
telephone type'pilota,:priﬁately owned or rénted circuits from
the @.P.0, | ” |
‘The principle of compafing signals derived from the currents

at each end of the pﬁoteoted feeder is still’unchanged today,
Develépments have, so far;\been mostly concorned with finding
suitable and effective methods to carry comparison over pilet
circuits which impose limitations, due to their cheracteristics, -
: on‘the‘aprlioatiop of the=comparison prinoiple., These developments
have been evolving roﬁnd the concepts of biassed relays and '
replica impadanée. | |

 In general, most moderh pilot~wire differential achemes
function 5atiafactor11y within their 1imitation§. ‘Uﬁfortunately,
thedir capabilities and limits ﬁre not aiwaya clear. Thia is




possibly due to the simple tréatment of ﬁilot-éircuif in terms

of loop resistance and intercore capacitance. Long G.P;O, pilots |
are actually composed ofld;fferent conductor size sections and,
in“effeefg have to be treétad aé more‘cdmplax four terminsl
networks,

It appeéra, however, that with the progress achieved in
telephone techniqueé; the G.P.0, will eventually tend to reduce
the size of conductors below their preseﬁt practice.- In such a
case protective pilot-wire scheﬁss must be able to operate
satisfactorily over increased pilot-cirocuit reéistanoea.

‘Present pilot-ﬁire differqntial schemes ﬁavé almost reached
their limits of appiication, and as the pilot-wire resistances
increase, less current can be carried over the pilot cirocuit for a
given mazimum‘permiSQible voltage., This consequently rqquireg the
development of more aenaittvé relays. In the aama’time the
capaoitive current of thé pilot-circuit.ihéraaaes 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#airduit. but this would appear to be
aﬁ imposdible rééuiremgnt with the,rresent day schemes unless
some fundampnfally new teohniqﬁe 1§‘évolved;‘ |

COnienﬁionai iron=cored O.T.a, vith their defects, have

always been a major obstacle in the progress of many types of




xi.

protection including pllot-wire. It was also clear~frbh‘Nellist's

work(ae) thet further improvements in protective relaying’depend

%0 & large extent on finding an alternative current transducer.. -
This fact bogether with successful spplication of transistors ®)(19)(20)
and semiconductor‘fechniquea,in power system protection, have ope#ad, |
the wey £or further development in the fleld of pilot-wire
prqtectiéna | |
A sophisticated pilot=wire scheme uvaing narrow-anglé phagg-
comparigon techniques, similar to those useﬁ in carrier protection,
has been developed in the work deseribed in this thesis, This
work is the result of research and development carried out by
the author since the time Nellist published h;s work(as) on
jironless~core C.T.s (linear couplers).
_The contents of this thesis falls into five broad sections,

The first describes the advanﬁagealoutlined in introducing a
new pilot=wire scheme and givealhriefly its basic principle, and
future applications,

- The second, gives a rather detalled analysis of gingla‘
relaying Quantities. derived from three ﬁhaao currents, for‘feeder
protéation and recomﬁanda a certain combination of séquonoe currents
for this purpose, |

| The third, is the design, testing and analysia of segregating
networks to be assooiated with ironless-core C,T.s for the

extraction of relaying quantities,




xii,

The fourth seotion deals with the simulation of G,P.0,
pilot-cir;:ui’cs and their aasooiated problems,

The fifth and last section ’deayls with deéigﬁ;, c,o‘nstru;ation,
‘and ‘expeﬂmental work carried-out on the developed scheme. 'I‘ilis '
section conta;ns s“ome"ganeral conclusions and recommendations for.

- further work,




1.

CHAPTER 1

A SURVEY OF MODERN PILOTP-WIRE SCHEMES

1.1 Historical Introduction

In the past,inverse time relays,ﬁere adequate to protect .
simple radial feeders and gave reasonablg‘fault clearing times,

As a result of thé growth of generating stations and their
interconnecting networks, higher faﬁlt current levels were
experienced, Such simple protaétive schemes became therefore
unsatisfactory due to the lack of discrimihation. The introduction
pf”%hs early Merz~Price pilotwwire‘schemea"pfomiaed a réady'solution-
fo the problem of high apaéd disoriminative profection.

| The principle of éomparing currents, or voltages derived from
these currents at each end of the protected‘feéder is still unchanged
todays. Developments have been s0 far mostly concerned with findihg‘
suitable and effective méthods %o carry comparison over pilot
circuits which impose limitations, due to their aharactefistics, on
the‘applicatisn of the comparison principle. |

The early Merz~Price scheme Fig.'(1.1A), operafed over negligibly
ahort<piiots.;used air gap transformers to provide a linser oﬁrrant/
voltage output, and was connected in a voltage opposition arrangement
under through fault conditions. The effect of the capacitive
ocurrent of the pilot circuit was considered by increasing the relay
setting. The‘adﬁéme operatéd satiafactﬁrily, within its limits,
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for very short feederso

The modified Marz—Priee circulating current Buheme, 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 bqth-ends to be at a zero voltage‘ |
position on external faulis, is.shown in Fig. (1013). Thié
arrangement reduced also the effect of pilot capacitive current.-

(1)

Beard=Hunter used screened pilot cables with disoontinuoua
‘sheath at mid point, to prevent the pilot capacitive current passing l
into the relay coils, This scheme,Fig, (1.1C),introduced an |
improvement in setting/stability ratio and was used extenéiﬁely
~ with feaaonablé'éuceeaao The cost of the special pilots cables
and D.A.G. transformers made it uﬁacondmigai.'

Further schemes iequiring three core pilots were aubsek;,uently
introduced mainly to eliminate pilot capacitive ourrents from the
relay coii oirauit.» The Merz~Hunter split pilot and the selfl

1), 1

general, all these modified schemes required either special pilot=

compensated pilot systema are typical of auch schemaa

cable or 3 oore pilots;anéltﬁerefore were fouﬁd Yo be expensive,
However, it was realised that the capacitive currents of
pilots aa'wéll as current tranaformar.insqualities, had tha “
greatest effect under heavy external fault oonditions.  This
promoted the idea of employing biassed relays whoae pick=up

- setting inocreases as the value of through~fault current inocreases,
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| These schemes used two core pilot and were similar to modern schemes

in Qpplicafidn today, Fig. (1.24 and B) In fact differential

(3)

s at presant differ very little from the basic biassed .

protectiva gchemes in 0ommon use, both in the UoSoAa and

v.x, (10)(16)
achemes, A
The introduction of the pilot compensation‘iﬁpedance,‘Qr
replica impedance, was a ﬁajor step forward in th§ de$ign of pilot-
wire schemes, and a tyﬁieal scheme is illuatraféﬁsin Fig. (1;20).‘
The scheme»ﬁaes an artifieial (mimi¢) imﬁadance‘having_gimilﬁr
cha;acteiistiéa to fhe’pilpt-wira circuit and i§ ;nsrgiséd by pilot
'volfagee The current through it is used to counteract the effect
of pilot current, 50 that the relsy operating coil is effectively
k connected to the electrical mid point of the protected section
under external-fault cqndiﬁionsa Barly schemeslincluded compensation
only for‘pilot-cireuit resistance and they did nét give fpry
satisfactory pérformance. | B
Moat of the modern pilntwwiré‘d;fferéntial schemes in praotiea,
use either the bias features or replice impedances, or both, It s
in the cholce of satiéfactory blas and/or compensation circﬁita

(10)

that progress has beeﬁ ﬁade in providing a protection schems,
which can operate satisfactorily, over any praetical ‘lengths ot
pilotucircuita.

‘ Many methods devised for pllot-wire proteotion schemea were

baaed on the balanced ourrent principle and two main notabla




4.

departures from this approach were D.,0. lock-in scheme and the

(5)

Casson'” ‘= Lasgt phase comparison scheme.,

(2)(15)

- The former was introduced by Longfield’ apd was the

4first;scheme to envisage the use of rented quelcircﬁitﬁ(z).s
The pilot circuits.wéreiuséd only to carry a D.C. signal, i.e.
.on/off, distinet from absignal representing:eithef‘the,magnitﬁde
or the phase of the feéﬁer'ourrent} This Dpco_signal was used only
-fdr\blockiﬁg assddiaté@'with a high speed directionai reiay and a
~ lower speed pyerqﬁrrent relay at eéch end pf‘the feedef. Fig.(1:3)
shows & schematic illustration of the basic scheme, For external
fault conditions one directional rélay would indicate the fault
power, active or reactive,Aleaviné the,profected section aﬁd woﬁl&
therefore initiate a D.C, pulse o?er the pilot ciréuif to iﬁhibit
frippiﬁg at both enﬁs b& blocking the lower speed 0.0, :élayao
For internal fault conditions neither of the direotionai rélaya
‘would indicéte outgoing faulf power andlthé 0.C. relays would
the:éfbre'effedt tripping at one or both ends where there is fault
- ourrent infeed, The pgpformance of the scheme was aatisfactory\
but it suffers from the obvious disadfantdge.of‘loﬁg fault |
olearing timea, since discrimination is provided by time delay.

As 2 result of further developments, the time delay was
reduoed to acceptable proportions by o more. oomplicated gcheme' known
as High-Speed D,0. Lookein Syatem, This syatem wee uaed e:tansively :

wlith carrier pilot and in a number of cases auwdio frequency (V.F.)




W [0 B @c.T.
N

a8 E bt A
-té’ri &= FOKO
i
S i T
@——oo———@—l o 0 00—

c! ! R , o
D

Directional Relay
. Over Current Relay
R D.C. Trip Lock-out Relay

FIG. (1.3) D.C. LOCK-IN PROTECTION (LONGFIELD)

(1} (2)
_?ﬁfﬁ} ‘ | IFF§¥F——~‘
[ - o - o —

4] d] G‘l t
WG ocl
dz' T dz
-8 O———e-Q Q..o-—-—%u
O oy @

(A) High Speed Fault
Detecting Relays
(B) H.8. Locking Relay
(1) Tripping Relays,
- 18—

(a) Fundamental Prin-
ciple shown for
one Half-Cycle on

: External Fault N

(b) Phase Angle I3g®
Characteristics

\ Iy Leads I¢2)
- ¢

J IyyLags Ica)

“45°  mmmVARIABLE ZONE

(b)

FIG, (1.4) CASSON-LAST SCHEME




5s

or‘Docajsignalling(4) was used, but with less success, qver~P,O.
.circui£s° The over-current starting feature was ultimately replaced
by under~impedance starting aﬁd this lead to the idea of providing .
Doc; locking impulse to conventional high speed distaﬁi?protection |
in ordef to reduce last zone clearance time. This method is still
practiced in U;Svo over carrier pilots. ‘Doco lock=in schemes
required low set and high set starting features as well as expensive
V.To8 for directionanl relays, They suffered also fiom the préblams
of directibﬁal'ralay operation under nearby three phase faulis,

The outcome of all these schemes was the introduction of .

.. accelerated distance protection by the aid of signals (V.F.) over
pilot eiiouitso Its basic principle was to initiate a signael (V.F.)-I
in the pilot circuits when tripping takes place at one end éf 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 Distancé
Scheme, This arrangement has therefore instantly changed the rsach

to zone 3.

Such scheme has been successfully operating on feeders;
particularly on teed feederglsgnd has many'advantagéa, hot the least
of which ia‘that a pilot fallure does not produce serious consequences,
It is envisasged that its main applioation}wili be for long feeders
where present conventional differential aschemes may get into

difficulties,
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Another method which was a major attempt to deviate from‘the
differential priﬁciple was introduced in 1947 by Casson and Last(?)
The basic principle of this scheme is to compare the direction 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
circuits This scheme was introduced at a time when P.0. pilot
circuits wefe considered unsuitable for differential protection
schemes and were used only for lock-in.protection purposess

The Casson=Last scheme guided the thought away from the'ﬁae
of voltage transformers and»directiqnal relays to the method of
current phase comparison at thevtwo ends of the proteétad seotion,
In this respect it introdueed<thg present f;eld of longitudenal
differential protection over rented G,P,0. pilot circuits, Fig. (1.44)
illustrates the principles of the practical scheme, |

Under external fault conditions the secondary currents of ‘the -
C.T.8 are approxiﬁately 189° out of phase, so that on one half
cyole relay Ay is operated from the C,T, at end (1) simultaneously
. with relays Bz and By in parallel from the C.T, at end (2), |
Relay Az remains inoperative. Under these conditions no
. tripping will ocour. On the next half oycle the reverse will take
place, Ag and Bg operating together while .Bs operates alone
and again no tripping takes place. .

Alternatively for internsl faults fed from both ends, on the

first half oyole A¢ and Az operate simultaneously while By
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and Bz remain inoperative, This will result in aﬁ impulse given
to the tripping relay for a half cycle, On the second half cycle
By and Bz will operate without effect while A4 and A, are
inoperative, The tripping relay will therefore be energised on
alternate half=cycles, | |

The series resistor rq 18 equivalent to.the pilot loop
‘resistance and resistor ‘rg is equal to the resistance of omne
relay coil, The current setting of relays By and Bz is lower
than relays A9 and Az to provide a low set and high set feature,
i,e; to ensure overlap feature,

The acheme} in practice, had unfortunate history because of
the unsatisfactory performance of the ultra high speed relays,
Difficulties aro?se particularly in designing and adjusting the 
relays so that fhey would respond to instantaneous reversals of
direction at the inception and clearing of faults., Considerable
1mprovément was obtained by the introduction of a slugged telephone
type trip auxiliary relay and no doubt improvement woﬁld have resulted.'
from the use of Carpenter relay elements,

The principle of tﬁe s&heme is used in phase comparison carrier
relaying but, to the Author's knowledge, is not used nowadaye with

.07

pilot channels, It was tried in Germany and the U for some
years but was not considered practical because of the difficulties
mentioned before,

The indefinite performance of the scheme ocan be seen from the
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po}ér diagram Fig, (1.,4B) of the tripping phase angle characteristics.
The séheme was designed to operate over G.,P.0, pilot cifcuits having
a 1oo§ resistane§ of about 2,0 X ohm‘and intercore capacitance not
more. than 2,0 pF. The démand'forioéeratioﬁ\over longer G.P.0,
circuits, together ﬁith the unfortunate history of this schemé,
eontributéd_in accelerating theidévalopment of the biassed

-differentiai achemes,

:1@2 General Considerations forhModern Pilot-Wire Schemes

The historical introduction a’ttém‘pted very bxiefly to trace
the dgvelopmenﬁ from the early ﬁerszriee scheme to the conceptions
of bias,'replicaplD.Co_or (VoF;).signalling type, and was concluded
with the Casson=-lLast acheme(5>a 

A great mény pilot-wire schemes for private pilots have been
devéloped‘over the years, many of which are similar in principle
- 1f not iﬂ detail, MNost of these schemes are operating over
7/.029" pilots with a ma.x:_l.muﬁ loop resistance of about 800 = 1000 @,
ﬁheae schemes are not gilven muéh at%éntion in this wprk, but are -
only mentioned when appropriste, Private'pilotnsohemeg‘ara of ten
uneconomical foxr protecilon of feeder seotiﬁns(14) of ébout 25 miles
and ovef. It is therefore economical to rent pilot circuits fr&m ‘
telephone companies (GoPQO.) for feeders longer then 25 uiles where
the cost of diatagce or carrier profeetion may not‘be justifigble.

However it is felt fhat with the introduction of & super-grid of
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40d K.V, in the UoKo(Tz), many of the lower voltage feeders, in
particular 132 K.V, grid, would be merély for digtribﬁfion purposes,
rather than for trunk transmission, This may add another factor
not to justify, in principle, distance or carrier protection for
these distributiﬁn networks,

All these ressons combined together give a greater demand for\
fhe deveiopment of piiot-wira pfotection schemes, including the
one deascribed in this thesis, suitable for use over G.P.0. rented
cirouits., Such schemes are more attractive‘eqonomically than
carrier or distance protections on lines of 30 = 40 miles in\longth.
For shorter lines they have also some economic advantagea over
rrivate pilot-schemes unless a suitablé pilot is readily available
at low cost. _ |

With the use of G,P.0, rented circuits, additional difficulties
exist due to G.P.O, limitations with regard to the maximum permissible
voltage and current levels which may be applied to their pilot
oirouits. In addition, inductive loading coils, to facilitate
sﬁaeoh,zare often included in G.P.0. cirocuits which add to the
difficulties, |

In general, G.P,0., rented circuits ave by no ﬁaana as reliable
a8 private pilot oircuits, and in modern protection schemes it is
essential to use continuous supervision of pilot circuits, G.F.0..
pilot circuits are discussed in more detall in Chapter (7).

These pilot oirouits introduce also special problems in the
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deéiggipgﬂof relaying schemes due to voltage and current limitatibns,
i}e;“l;miting the‘power ﬁhich can be transmitted, and consequently
‘reducing the power available for relay operation, Voltage 1imiting
notworks are used as & normal practice and thus greater power\is |
made available to the relay at setting,

Schemes involving voltage limiters tend, at high current 1evéis,
t0 become insensitive to amplitude differences between the currents
at the two ends of the protected feeder and can oﬂly then operataf‘
on phase difference (ioeo phase comparison)o

There are?some‘common features to all pilot-wire schemes
operating over G.P,0, cirouits.t Most of these features were
introduced to overcome some of the special pﬁoﬁlems experienced
with the use of G.,P.0, rented pilots, The two main features
introduced are pilot supervision equipment and starting relay

arrangement,

12,1 Pilot Supervision Equipment
A healthy pilot cireuit is essential in s pilot-wire scheme

for correct discrimination, Private pilot circuits of 7/,029 type
are not usually prévided 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, circuits are used for pretection purposes,

continuous supervision is consldered essential. Fitting of
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“Priorit&“ coloured links on these c¢ircuits; by the G.P.0., helpb

to minimise interference. However, interference cannot be completely -
avoided during fault locations-or field testing by G.P.O.

persoﬁnel. Testing voltages may be applied during maintenance

of adjaceht circuits. '

Pilot supervision equipmenf is arranged to give a time dgiayed
alarm in the event of pilbf failure and fault detector relays
(starting relays) ensure that pilot failure does not result in
eircuit breéker tripping under normal load oonditioﬁ. A through
fault coinciding with a pilot failure will produce ﬁaloperation,
but this is not considered a,aérious risk,

Most.pilct supervision schemes are basically similar.

Fig. (1.5) shows two typlcal cases of these arrangements.

The supervision methéd usually consists of girculating a
small direct ourrent, between 0.5 to 5 mA, around the pilot loop.
A polarised pilot supervision relay, at the remote end, is held
continuously operating by this D.C. current. Conditions of
ahort—c;rcuit, open=ciroult, 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 current is generally disconnected during
fault conditions to prevent an& interference with the main
protective scheme, A high degree of D,C. smoothing is required by

the G.P,0. to yrevent interference with adjéeent communication eircuits.
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_ 1,22 Fault Detedtora or Starting Elements
The fault detectors (starting elements) have to fulfil two

main requirements wher used in conjunction with pilot-wire

proteotive schemes operating over @iP.0, circuits,

(a) To prevent, or rather to eliminate, the possibility of
eircult breaker tripping for pilot circuit failures
or faults arising.from G.Ps0, interference, This is
usually achieved by arranging for the starting relay‘
contacte to short circuit the main relay operating coil

circuit and to control tripping.

(b) The pilot supervisory current should be interrupted
before the main proteotion is brought into opération‘
This facility is also provided by the starting relay.

Fault deteoting elements (starting relaya) may respond to
overcurrants, negative sequence 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 thﬁn maximum loads are enoeunxergd
" on the aystem, 8 ratg of change element'provides gtarting, phase

unbalance or negative sequence current, for phase faults, -
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1;3. Preosent Schemes for use ofgr G, P,0, Pilots

In the present section a survey of commercially available
schemes is given, with elementary details of operating principles,

and also some general criticism,

123.1 ApE.I, DSC Protection

This protecstive soﬁeme uses the opposed vo;tage principle
togather with amplitude com@arator relays having separaté coils
ehargiéed from separate metal rectifier bridges, Thisvequipment
was first installed in 1953,

The basic arrangement is shown éehematioally in Fig. (1.6)5
The summation current transformer secbndary~winding energises a
voltage limiting network eompﬁéed of a resistor/Metrosil (non=linear
resistance) parallel combination,

The inherent disecrimination available over G.F,0, pilot
circuits is limited by their large series loop iméedanoe and the'
. high shunt admittance normally encountered on such oirouita.‘xmhia
scheme ﬁses a shunt reactor across the pilot ciroult at each end
to compensate for (4une) about half the pilot ocapacitance, Adeﬁuate
discerinminating factor is achieved by the use o: tapped pilot
tunihg choke and the bias resistor settiﬁg which is adjustable,

- Three starting relays are used, as shown in Fig. (1;6). two

-connected in the phases and the third in the residﬁal oirouit of
the C¢T;a. The starting relays ocontacts short ciroult the relay




s B O

—— B T T T o P —

_Operatlnv 0011

Restraining Coil (Blas)
Non-Linear ﬁe81stor
(Metr0311)

Pilot Tuning Reactor
btablllslng Resistor

PIG. (1 61 AhI

PILOTS

(Dsc)'

— - — ——

OPPOSED VOLTAGE SCHIEME.




14.

overating c¢oil and control tripping.

Comparison over the pilot circult is continuous bﬁt.maaauremsnf
is only carried out during fault conditions, (i.eb when sfarting
relays operate).. | |

Alternative schemes are available using switched pilots, i.e.

. ‘the pilot eircuits are normally free for telephone or supafvisory
use and are connected to the protective system 6n1y under fault
conditions, _

_ Pilot supervisibn 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 biass setting resigtor Tor correct operation,
-particuiarly on long pilot ciroults, | |

The pilot oircuit,ié not necessarily symmetrical and the
tuning reactor may requlre different settings at each end, High
"Q" chokes may infroduoe.system frequency variations as well as
severe subsidence transients. Where pilot voltage limiters are
also used the ndmpansation effect of the choke is further impaired
by harmonics of the piiot'volﬁage waveform, since compensatién is
only éffective,at fundamental frequency. All the above'oausea
cqnﬁribute to impair the disoriminating factor of the scheme.

When this scheme was first déaigned very little was known about
the characteristiocs of the G.,P.0. circuits and design spacifieation\

merely quotelssoo ohms pilot loop resistance and a oore/core
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capacitande of 2,5 uF.
A recent version of this sohem9 conta1na & second harmonic
£1lter unit comnected across the bias circuit resistor, This has
been included parfioulérly for franaformer feeder applications to
provide an additional bias under transformer magnetising infubhl
current during awitdhing operations. Tests carried out on this

(10).(15)

acheme over an actual unsymmatrically loaded (G,P.0s circuit
of-275¢ ohms, have shown that the best obtainable discriminating
factor was 4:1, It would therefore seem unwise to extend the use

~ of such achemes on longer pilot circuits,

1:3.2 High Raaia;agga Pilot Wire Protegtion (Rex;glle)
(16)

This scheme

(17)

s referred to occasionally as half-wava eomparison
. acheme s Lses the series voltaga principle with parallel
connected relays. Rectifiera are connected in series with the
pllot aircuit to give an artificial mid-pcint connection for the
relays on alternate half oycles, The basic connecotions of the
scheme are shown in Fig, (j.TA).

At each end the pilot loop co#tains & half=wave rectifier,
shunted by & fasiatanch Ry ; 80 arranged that their conduoting»_'
directions are'in opposition, The roiays are connected aoroas
the pildt;oircuit terminalas each in series with another half=wave

rectifier,

Fig. (1.7B) shows the ocondition of an external fault for
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bqﬁh‘half cyc;es of currenfa It is seen fram_fhe figure that if |
'RA = RP then the equipéfential pointvalternates hetween the two :
ends; ea&h're;éy R being at the elgctrical mid-ﬁointlon alternate
hﬁlf cycles. Tﬁe4rectifiaé in éerieé witﬁ‘the reléy eirouit |
prevents current fiowing when the re;a& 15 nbt‘atvthe electriéai
mid-point, | | | | |
In‘practice, the resistor Ry 15 chosen to be greé%ér than

the pilot loop reaistanee 80 that both relays R are polarised by
reverse voltage for both half cynles on external faults. This,
\in effect, provides the relay with a bles feature by displacing
| its connection beyond the mid point, in the stable diréetion; o
| It ia clained that the pilot replica impedance Ry may be s
‘pure rasistor, no capacitanee required, bacause of the uni=
directional nature of the pilot voltage. on external faults,
which reduces the effeéts'of pilo£ capacitance currents.

) : Uhder internal fault oonditions, only the relay at the fault-
' feeding end is energised. The relay ourrant is unidirectional
being a half-wave réctifiad and is therefore used as control
current of a transductor type relay, which obtaina‘its‘polériaing -
constant volt#gé supbly throﬁgh & network energised by the secondary
fault current. | |
- Anothar additional'half-wave rectifier is connected across
each rnlay coil to perpetuate the coil ocurrent during the dead
half oycle. |
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The starting equipment consists of thfae identical transformers
the outputa.of'which are gonnegted to three rectifiers, the
outputs of which in turn are paralleled and connected fq the coils
of two Starting relays in series, low set and high sefgl

On - the occurrénoe of a fault, ocontacts of the *16w set are
opened tﬁus'reméving the shorte-cireuit ascross the pilots as wéll
as interrupting the supervisory eurrénto At the same timb, the'
high sét contact is opened which removes a short circuit from the
control winding of the transductor felay. A conventional piiot
supervision érrangement (not sh§Wn in the diagram) 18 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.

(10)(15)

Simple testa_carrigd on.this scheme gave adequate
discriminating factors for’pilcts up to 3600 oﬂﬁ loop resistance,
but for longer circuits the available discriminating margin is
greﬁtly reéuced to something in the range of 2 = 5 forla pilot-
loop resistance of about 5000 &, A

It is clear, from the description of operation, of this
scheme that the.ultima£e~length of pilot pérmiaaible is probably
restrioted by the basic principle rather than inherent sensitivity
of relay elements, _ |

It has been mentioned in section (1.,2), that schemes involving.

voltage limiters tend to operate on phase comparison principles

over most of its working range. The scheme under consideration
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is one of this type, and'it'is therefora.esaential t0 examine the
basic characteristics‘ with particular reference to phase sngle
response, Reference to the manufacturers confirmed ‘bha't: such
characteristics have not been recorded,

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

~ Such schemes would give‘sequential tripping under fault
conditions which might limit its use in ocases where autometic
high apeed reclosing is practised, However, the seheme is
suitable for many less important feeders, within its 1imitations
of 3500 f pilot resistance and 2.0 pP core capacitance, as long
as care is taken in setting-up the scheme so thét adequaté

phase comparison angle is obtained particularly with short pilots.

The scheme waa developed in 1954Aby’0.E.G.B.(10> South Wales
Division., The basic principles, of the 1ate§t version, of this

scheme are shown in Fig, (1.8)

* Private correspondence with Mr, J, Rushion of CeBoGoBey
South Western Region.
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, The‘sqhems uses the oppased‘vgltéée principle and a pilot

. replica impedance for compensatioh; The replica imped#nce 20‘
"is eneréiséd by & ;oltaga equa;'and éf oﬁpdsite polé:ity to the

‘pilot‘vbitaga and the current drawn‘thiough the replica Zc ia

| therefore equal and opposite to the pilot circuit current under
axternal faults (healthy conditions) |

The operating rectifier bridge of the dif ferential relay R
is conneeted in aeriea with the pilot wires, and thareby carrias‘
a current proportional to the out of balance current between
tha two ends of the feedexr. A bigs feature is also provid?d
to ensure stabilitf uﬁdér e:terhal\fQuits'by causing & ourrent
to flpw'in the relay in a restraining direction.‘vmhis bias
current is supplied from a rectifier bridge conneoted across
the input side of the summation current transformer.

A ioltege limiting cirocuit, QOmposed of a non=linsar
reaistor/condenaer combination, is connected across the aecbn@ary
of ths‘eummatiop tranaformer, | _

Compensation for G.P.0, pilot circuits is provided by thoi
rajlica impedance Zg whioﬁ is oomﬁosed of‘a reaistor and a
~caﬁacitor oonnaéted‘in series, The magnitude of the voltage
applisd to this compensating network is made adjustable, as
well as the series resistor of the compensating oirouit it!#lr.
'-mhis ariangemant provides continuous vuriab;a adJustment uaing

fixed values of the cdmpannating cirouit ocapacitor,
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Instantaneous starting relays are ﬁsedlto control the protection
and .to prevent ihad#grtent tripping &ue to pilotlfailureSs jThe.
starting relays permit the differential relay to operaié_and.
control trippinéo

The relay circuit itself comprised two rectifier bri&gea
connected in a circulating current circuit with the differential
relay, (plain amplitude 6oﬁparator)5 connected across equipotential
-pointa;- | | | )

Under external fault conditions the'bias current will exceed
.the operating current“and the relﬁy»will be restrained from
‘ opérating. On the other handlan internal fault will reverée
this eondition and the relay current flows in the operating direction.

‘ It is possible to prcvide an acceptor circuit, not shown |
in diagram, composed of a condenser/choke tuned to 100 c/s.
connected across the bias resistor Rp » This circuit exerts
negligible éffact-qn the restraining current at fundamental or
odd harﬁdnios f;equengieao

Under transformer magnetising current inrush conditions
vhexre a predpminating_and harmoﬁic'eontent is present, the
~oirouit provides an additionsl restraining current feature by
shunting Rp. This feature is advantageous whgre the scheme is
applied to rather short transformer/feeder oircuits.

A conventional form of pllot supervision equipment, nof shown

. in Fig. (1.8), is aiSO“incorporated,
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Testing results on G.P;Oa circuits show that the scheme
operates satisfadtorily over piiof cireuits”ﬁp to 6000 ohms loop
resistance and gives symmetrical tripping characteristic.

However, it is felt that this scheme has been developéd
over the yearé 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 praétieal approsch as far as commissioning
procedures are concerned.

This scheme, like most others, usesvoltage limiting cirouits,
with a result of a pilot voltage wﬁveshape being completely
different from sinusoidal over most of the working range. The
setting of the bias and the pildt compensating impedance a?e
generally carried out under the(linear part of the 1iﬁ1ting circuit |
 characteristics, i.e. with sinusoidal voltggés. For an
unsymme trical pilot oirouit the compensation at the two epda
differs, and consequently different pilot voltages.ara ohtﬁined.‘
"~ for the same type of‘fau;t, at the two énda of the protected
seotipn; The setting would also vary according to the type of
pilot-circuit used. Theae factors are, in fact, common to all

schemes of this type;
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CHAPTER. 2

BASIC OPERATING PRINCIPLES OF A

TRANSISTORISED SCHEME ASSOGIATED WITH IRONLESS-CORE C,T.s

2.1 Introdustion

Pilot-wire schemes have been'app;;qd in'fecent years to longer
high v?iﬁgge\feedera. MThevincreaéing,;ahgth‘qfvthe;protecfed section
has precluded'the,ﬁsg'of private pilots and introduced telephone
~ type pilots,>privétély'owned of‘rgntédlgirauita from G.P,0, The
use of G.P.b. oirouits, with their limitations, needed a new design .
aéproach to take into aoéoupt-the‘parameters'of the pilot circuits,

In general, most.modern pilo%-wife'achemea function satisfactorily
when applieé within their capabi}itiea. AUnfortunataly the limits
and capabilities are not always olearly laid. This is poasibly due
to the simple treatment of piloéloireuits in terms of loop=resistance
and ihteroore capacltance, Long pilots are actuaslly composed of
different conductor size sections and therefore, tend, in effeoct,
to be‘treated as a more complex four terminal network.

The development of modern pilot-wire schemes has been evolving,
as given in Chapter (1), round the two basic concepts of replica
impedance and bilassed relays.‘

It aprears, however, that‘with inoreasing improvements in
telephone teohniqpes, the G,P.0, will eventually tend to reduce the

' size of conduétbra below the present practice. Inyauoh a case the
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protective scﬂames mnst.ﬁe able to operate aatigraotoiiiy over
increased‘pilot-oircuit-résiataﬁoeé and a range of 5000 @ to
8000 Q@ does not seem uﬁragsqnable.

' The introduction of a super-grid of 400 KV in the U.K;(12),
would pﬁ# otha; systems of lower voltaéas, 0.8, 132 KV, as merely
for distribution, and consequently oar?ier or distance.protebtion‘
for these feeders would xot be economically justified. This would
open the field for pilot-wire protection afplication on longer
feeders than its present limit and consequently over higher pilot
loop resistances,

For oircuits where high speed reclosing is envisaged, most
present pilot-wire schemes, given in Chapter (1), require careful
investigation of_théir characteristics before»applinatian. It should
be pointed out that since their characteristios are incaloulable and
depend‘upon pilot-circuit conditions, it is therefore impomsible
to predict accurately the schems characteristics in advance of
commissioning, | |

I&eally. of couréo, the pilot=wire scheme characteristios -
should be independent of the pilot oircuit, but this would appeer
t0 be an impossible reguirenment with the present day sohemn§ unless.
some fundamentally new feahnique ia‘ev01vad. 

Another inﬁereating practical cass for the application of
rilot wire protection schemes on untransposed transmission l1noa

.(18)

is mentioned . In"bhia_ i:artioular case of four parallel oirouits,

\
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of untransposed lines, the residual zero-sequence circulating
current has reached as high as 4.0% of rated load, due to mutual
effects., The setting of relays was then difficult without e
reduction in the sensitivity of a combined overcurrent (o.o.)/earth
fault protectionAscheme, This.was mainly due to high Pransformer
earthing resistoré to comply with P.C., regulations in ofder 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 approached
earth fault settings. |

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

As a general case for protection of untransposed lihea it was
recommended(18) that pilot=~wire schemes should be studled with

praférenaa t0 other alternatives,

2.2 Basig Agﬁroach

From the previous sectlon it ie clear that another approach
and new techniques should be developed to meet the increase in
pllet-wire cirouit resistance either to cover longer distances or
due to using smaller conductor sizes.

. Present pilot-wire differentisl schemes have almost reached
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thelr limits of application, and as the pilot-wire resistance
increases, less current can be carried over the pilot cirocuit 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 by amplification,

Unfortunately, the aépaeitive current of the pilot oirouit
increases as the @ilot length increases and it will tend %o override
the differential effect principle. The effect of the remote end
voltage in decreasing or increasing the relay ocurrent will, for
long pilot=circuits, undergo a phase shift and under such. conditions
the minimum differential current will not ocowr on conditions
representing an external fault, It is these phase shifts together
with the inherent increasing sensitivity of relay elements which
impose practical limitations on differential pilot-wire proteotiqn;
It has been mentioned, in section (2,1), that ideal pilot-wire scheme
characteristics should be iudependent of the pilot~circuit,

With the auccessful applications of transistorised

cirouita(s)(19)(2°) in power system protection and the practical

progress obtalned in thé fleld of ironless=core G.T.a(zj), the way
has been opened for further developments. A sophisticated pilot-
wire scheme using narrow=angle phase comparator techniques, similar

to those used in carriexr protection; is envisaged,
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2+3 Performance and Degsign Requirements of the Scheme
Prior to the design of any protective relaying scheme, it

is rather important to prepare a guide for the required performance.
This should take into account the performance of power systenm

under extremes of inteénal and external fault oonditions~and then
deciding on a satisfactory reley characteristics to give adequate
diserimination. >

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

Normal system conditibnsg including poﬁer swing, could bhe
inveatigated by means of a locus diagram(aa) which shows that the
overall relay characteristics should include a definite setting
assoclated with a finite stabllity angle. It is noted that for lines
up to 100 miles in length negligible error is involved in using
standard ocapacltive ourrent values (0436 and 0,94 A/mile of
132 KV and 275 KV lines respectively) in the evaluating of the
loous, With underground cables it is also permissible o use
quoted charging ocurrent figuree a8 & basis for constructing the
locus diagrem. For a pilot-wire protection scheme this loous
diagram gives complete information of relay input quantitiea\aindo
the effect of any attenuation and phase shift in the pilot circuit
wil; be included in the derivation of the overall relay

oharaoteristica;
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In general, a minimum current setting of about 200-300 A
with a stability angle of £ 30° to 2 45° , will give good
performance even for long cable ayafema (about 20 milea on 132 V),

The selection of. relaying quantities to provide a reliable 
output under internal fault conditions would require investigation
in the performaﬁoe of power systems under various fault conditions.
This topic is disouaaed at length in Chapter. (4) A combination
of phase sequence currents to provide a relaying quantity has been
raoommendod(9)¢ Further analyeis of this combination for phase-
comparison schemes is g&von in Chapter (5).

The spmmation transrormar, as a means of providing single phasze
output for feeder protootion, suffers from "blind spots" and a brief
analysis for the sumna t1on transformer under various conditions is:
given also, in some detail, in Chapter (4).

A large number of pilot-wire relaying achemes use sequence
ocurrents or voltages derived from the power system, These quantities
were generally produced by conventional sequence networks driven
from C,Tes, These segregating networks o;ntained large and
expensive chokes and high rating resistancea. Undue amounts of
power are generally dissipated in these segregating networks,

Very little can be done, in fact, to economise on coat or space
when these networks are fed from conventional C,T.s and are |
required to operate insensitive relays.

(21)

Ironleas=core C,T.s8, do not produce sufficient output
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to.operate heavy relays through sequence networks, but‘whefe
transistorised relaying circuits are involved their output wou;d
be sufficient, Chapter (6) deals with the development of these
networks for extﬁactinglrelaying quantities,

From the foregoing requirements it is possible to list some
of the desirable design and perfofm&nee characteriastics of the

yenvisaged pilot~wire scheme,

(a) The soheme shall have a small stable zone and wide tripping
gone., In general, a stablility angle of ¥ 30° to X '45°
is almost ideal,

(b) Phase comparison should teke place at ocurrent levels
corresponding to maximum through féuits, as well as for

currents in the load range.‘

(o) Sequence segregating metworks driven from ironless-core

¢.T.s would provide the relaying quantities.

(d) Transistorised oireuits to perform logical and relaying
functiona. .

(e) sStarting elements are desirable to eliminate incorrect
comparison dwe to the shunt admittance of the protected

gection or pilot oilrocuit failures.

(f) The scheme characteristios would be completely independent
of the pilot~oircuit, if posaibdle,
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2.4 General Principles of Operation

In order to develop a scheme to comply with the characteristic
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 iﬁ
is decided to adopt only those simple, cheap, and uncomplicated
bnes. |

Simplicity and economy are the two major factors which
influenced the design and development of the acheme,

The baslc general principles of the scheme sre briefly stated

a8 followsi=

(a) Deriving a single relaying quantity from the 3-phase system
at each end of the protected section., This output'should
have a sufficient magnitude under ioad and all typea of

fault ocourring on the power system,

(b) Simultaneous transfer of information, between the two ends

of the proteocted section, over the pilot cirocult as & link,

(¢) Compensation for the attenuation and phase shift introduced
by the characteristic of the pilot~cirocuit,

(4) OComparison to be carried locally at each end by transistorised

cirouits suitable to perform any logio and/or relaying functions,
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2+.4.1 Preoliminary Investigations.

The result of many preliminary investigations hafe influenced
to some extent the operating principles of the scheme. It is,
however, convenient to state briefly at this stage soﬁe of these
- results before explaining the overall principle of operation\of the
scheme,

A great deal of thought andlinvestigations were carried out.
to determine the voltage wave shape to be impreaéed_on the pilot= ‘
circuits Simulated pilot-circuits are used (Ghaptér 7), and since
the acheme to be adopted is mainly of a phase 6omparison'nature,

a square wave voltage is the ﬁest»auitable to apﬁly from transis-
torised circuits and its recovery atffhe far end is comparatively
easy, Troubles were experiencéd‘with half-reot;fied sine waves,
and with aine wﬁve at very small voliages due to attennatioﬁ.
interference; pick-up =-- atc,

At very emall voltage levels as those experiencéd with the
outpu% of ironleass=core C.T.s, it is ideai to drive a transistor
(as a awitoh) with & small input, or a saturated amplifier, thus
giving a voltage output depending only on its.collactor voltage
supply. Using the tfansiator as & squaring element introduces
some inherent probdblems asaocﬁatad with it, These are dealt with
in detail in Chapter (8). |

For a phase comparison scheme the effect of error due th

attenuation is minimised by‘squaring the waveform for any
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amplitude greater than some value below the minimum signal level,
i.e., the square wave gives a fixed interval in comparison with a
varisble interval in case of sinusoidal wave,

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

To achieve the aim of a scheme with characteristics independent
of the pilot wire circuiti, the question of sending trippiﬁg 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 operéte the differential
relay., This may be overcome by amplification and sensitive relay
elements, however, the scheme characteristic would still be
dependant on the pilotecirouit. Another method has thereforé to
be selected to provide the tripping power in order that the scheme
would be independent of the pilotwcircuit, The most suitable
alternative is the provision of the tripping power from local
auxiliary supplies,.

In such a case the pilot circuit would then act onlyas a

communication channel between the 2 ends of the protected section,
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By approachiné 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 cirocuitry
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 i£ is greatly reduced, in case

of static relays.

2.4,2 Qverall 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 circuit
components, For a complate.datailed understanding of the equipment
this diagram will be subdivided into a number of main stages
according to their functions and a.détailed desoription of the
design of each stage is given in Chapter (8),

Pig, (2.1) illustrates the equipment at ome end of the
proteefed gection, |

The three phase outputs (Vy, %B and V@) of the ironless core
CoTes (L.C.8) are fed to segregating‘networks which produge 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 negétive and the positive sequence componenté of the primary
;currents. The magnitude énd phase of~this'third output are the‘
main information signals upoﬁ which;the relaying circults #erform
their functions, It will be shown in dhapter (5) that such a
relaying quantity will provide adequate representation of the fault
current under most primary system fault conditibnsa

The other two Qutput signals are fed each in turn to a fault
detecting (starting) circuit, which responds to the amplitude of
- the input signal and give a step oﬁtput when the amplitude reaches A
a predetermined level, The stepped outputs of the two fault
detecting (starting) ecirouits ki) and (2) are gated (OR) to control
the Qoineidence cirouits, | | ‘ |

The main relaying signal is fed t0 a squaring oiroult which
rroduces three square~wave voltage outputs, two of which are fed to
the differential bridge cirocuit resulting in a aQuaraiwave to be
transmitted to the pllot-circuit, while the other output is fed to
the phase-shifting cirouit, |

The phase shif'ting oirocult produces a square=-wave output
lagging 1its input b& a oeitain‘anglé equal 0 pilot cirouit phase
shift, This is fed to the eoinnidence/phage comperator ocircuit
in order to be compared with another square-wave derived from a
received signal-fransmittad from the ﬁémote end over the pilot
ocirouits Before this received signal is applied to the phase

comparator, it passes through a receiving/reshaping cirouit.
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It restores to the received signal its square-wave shape, to compensate
for the attenuation the signal has undergone over the pilot~circuit,
The phase-comparator produces an output, depending on the
phase difference between its inputs, which is fed to the tripping
relay cirocuit provided that the fault detector signal has been -

rreviously received.

The tripping relay circuit causes the relay contact to close
‘when the pulse width (in degrees) from the phase comparator has a
certain predetermined value:s The relay contaots provide the
tripping signsl to the C.Bs In fact a train of pulses 360o apart
will be glven to the relay until the C.B. opensi |

The discrimination between internal and external faults is,
therefore, provided by the fact that, for e xternal faults the two
squarenwavé outputs representing the current at the two ends of
the protected section; will be of opposite polarity and therefore
no pulse is given to the tripping cirouit from the phase comparator.
However, if the fault is internal the two squere-waves are of the.
same polarity, and provided that the signal from the starting
circuit is present, then a pulse (of 180° width) is given to the
tripping oirocuit every oycle, until the C.B. clears the fault,

The two terminal equipments will tend then %o ﬁrip simultaneously.

The fault deteotors, whioh respond to the-magnitudo of the
positive and zero sequence 6omponenta of the fault current, are

used to supervise the operation of the comparison scheme and to
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avold incorrect tripping under pilot failures as well as to eliminate
incorrect comparison due to shunt admittance of the protected

section,

2,5 Phase=Comparison Scheme Cirocuits
In the last section the overall principles of operation of the

scheme have been discussed and in this section soms functional detail

of each stage is explained to give a broader undersfand;ng of the

scheme. _ ‘
Ths.design‘detaila of the transistorised relaying circuits are

given in Chapter (8) and that of the segregating‘networka in

Chapter (6).

2.5.1 Feult Deteoting (Starting) Cirouits

 The scheme contains two fault detecting oirouits, Fig. (2.1),
which are identical in function. They produce a step voltage
output, when either of the magnitude of the positive or zero-
sequence component of the fault ourrent reaches a predetermined
level, These two outputs are fed to a gate (OR) whioh controls the
phase comparator circult and-affecfa tripping if necessary.
| The functional diagram of the different stages of this
cirouit is showﬁ for one fault detecting arrangement in Fig. (2.2)s

Three voltage inputs Vs, Vp and Vo , proportional to the

primary cwrrent are fed from the ironleas—core C.T.s (L.0.s) %o
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a zero sequence segregating circuit which produces an output voltage
proportiénal to the zero sequeﬁee component; I, of the priméry
currents, |

The output voltage of the segregating network is amplified
linearly in a oné stage transistor amplifiero In fact, the design
details were such that novvoltage 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 accordiﬁg to the design of the segregating
eircuitsg section (6.794)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 betwsen cutoff and fully botitomed, thus
producing a sgquare-wave output without causing any further over~
voltage hazards to the cireuit components,

The amplified a.c., signal ia 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
sequénoe current I,. The step output of the level detector is
applied to an output stage (invertor) which glves a zero voltage
ontput when the zero sequence current reaohes a thiaahold value
corresponding to level detector pilok-up setting. If the current
is below this level;, the output stage level is at a oertain

negative value, The itwo output stages for the two faﬁlt detecting
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circuits are combined in an arrvangement of an (OR) gate, 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" signal for the phase
comparator circuli,

In special circumstances, esg., pilot failure and local signal
fallure, the output of the fault detectors effects a tripping pﬁlae

to the relay circuit:

2:5.,2 Sguare-wave generating gireuit

The function of this circuit is to act as a square-wave gensrator
having unity mark/space. An input voltage, the relaying quantity,
signal derived from the segregating networks is applied to the
squara-wave generator which is followed by a unity mark/apana control
oircuit, The squaring sircuit has an output stage followed by‘én
emitter follower (E.¥.) where three square-wave outputs are
produced.

The functional diagram of the different stages of this cirocuit
s shown in Fig, (2.2B),

Three voltages V,y Vi and V, , are applied to two segregating
‘networks producing output voltages proportional to the positive |
a@d the. negative sequence components of the primary ourrents. These
two outputs are combined; to form a relaying guantity, and applied‘ |

%0 & DiC. transistor amplifier characterised by a very low input
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impedance, section (8.2)., Tne input current to the amplifier is
therefore also proportional to fhe relaying quantity.

This single stage amplifier allows the current to flow only
on one half cycls, thus converting the A.C, into unidirectional half
cycle. pulses. This amplifier operates between cutoff and saturation
oﬁ very low magnitude input excursions, so that the output is a
unidirectional square-=wave:. Bias control on the input of the
aﬁplifier allows to obtain a square~wave output of egual 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 current of the amplifier, and for an earth
fault case, the current in the primary circuit of the ironless-core
C.T.s8, 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
emplified in a pulse amplifier having a very high gain in order to"
produce a rather sharp steep~sided wave output. A4s the mark/spaoe
ratio of the square wave is essential for the sensitivity of any
phase comparison aﬁhege.;another circuit may be 1nnluﬁed to
control the mark/spacé‘ratio. This cirouit is composed of a level
detector with a variable input bias to adjust the "M/S" ratio.

It is followed by an output stage which produces & square=wave .,
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‘output having s magnitude from zero level to the power supply
voltage. This technique has éroved not to be very essential as
the output voltage wave shape of the two first amplifiers is
satisfactory for all practical applications, section (8.2 and 3),

The last stages of this square wave generating circuit is an
invertor/emitter follower (B,F.)s in order to reduce the loading
effect of the following stages., Three square-wave outputs of unity

*M/S" and of the same polarity as the relaying quantity are produced,
two' of which are fed to tﬁe differential bridge circuit and tﬁe third

one is fed to the phase shifting‘circuit°

2:.5.3 Differentisl Bridge Circuit
It has been established earlier in this chapter that the principle

of ~the scheme involves the simultaneous transmission of signals from
one' end of the protected mection to the other over the pilbt-cirouit.
This is accomplished by the differential bridge circuit arrangement,
which directs the local square-wave towards the pilots cirouit.
Fig., (2.3) shows schematically the arrangement of the ol rocuit,
The two square wave outputs from the squaring cirocuits are
applied, after one being inverted, with different polarities to an
anplifier employing two transistors in a push=pull configuratidn.
This push-pull stage enables to double the voltage magnitude
of the square=wave to twice the avallable power supply voltage on

the ocutput bridge transformer,
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The differential bridge arrangement also avoids the return of
the local square wave signal t0 the receiving circuit congected
at point "m" Fig. (2,3)s This has been achieved by the arrangement
shown which comprises the balancing (compensating) impedance Zg ,
so that the voltage due to the local end signal appearing at point
m dis practically nil. Further details of the performance of this
circuit are given in section (8.8). The output bridge and the
pilot line insulating transformers, are designed as pulse trans-—
formefs to produce the square wave faithfully on their seconda?y
circuits.

The power for the push-pull stage could be drawn from a separate
supply different from that of the relaying cirouits, This adds
fhe flexibility of deciding, wiﬁh the transformers ratios, on the

magnitude of the square-wave to be impressed on the pilot-circuit,

2.5.4 Coineidence/Phase Comparator Cirouit

The coinecidence/phase comparator is the main logic eirocuit
in this relaeying scheme, It is conposed of a coincidence stage
controlled by the fault detector output. <Ehrae inputs are fed to.
the coincidence stage,

The functional disgram of the gating arrangement is shown
in TMig. (2;33). It comprises a “NOT"'gate and a comparator stage.,

Input (1) is the output of the fault detectors and normally

. produce zero output from the comparator irrespective of inputs
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(2) and (3). 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) énd (3). ‘When
both signals are of opposite polarity, no comparator ou#put is
produced, Any departure by angle o° vetween inputs (2) and (%),
from the antiphase position, would produce an output pulse having a
wi&th equal to e°. The output pulse is applied in turn to the
l» tripping relay ecircult,

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

(delayed) local square wave,

2¢5.4.1 Tripping Relay Circuit
The tripping relay cirocuit oconsists of a pulse amplifier driving

a sensitive relay. The input from the comparator to the tripping
. eircuit is in the form of a train of pulses 360° ipart. The width
of fhe pulsg may vary theorefioally from 0° in the case of external
fault to 180° for internsl faults.

These pulses, as input to the amplifier stage, cause tﬁn i
trip relay contacts to close, This tripfing stage is the final
arrangement before the cireuit bresker (C.B,) trip cirouit,

Due to the fact that the suxiliary relay tripping current
appears as pulses 360° apart, the tripping rate depends on the

instant of ocourrence of the fault, but it will trip always in
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about one cycle, provided that the pulse width exceeds the

ninimum required for the relay to trip#

2.5.,5 Phage Shifting Network

The function of this circuit, as mentioned earlier in section
(2.4), is to produce an output voltage wave, either a sinusoidal or
a squere=wave, lagging the input by a certain angle (del&y).

Fig. (2.1 ) shows that the input to this oircuit is provided from
the squaring circuits In fact many alternatives for the nature. of
this circuit and its input have been in#eatigated, section (8.5),
and finally two arrangements are developed for this purpose,

| The functional arrangement of the first circuit is shown in
Fig. (2.4A)s, It comprises of delay cirouits and two amplifying
g@ggaa. Since using an amplifier would mean a phase reversal for‘
ﬁ@a iﬁput.signal, therefore a second amplifier (as invertor) is
nesded o corvect the polarity of the output, Advantage of this
is taken by sharing the total phase shift required on the two delay
clrcults, One of these cireoults is made adjustable to‘providé
e variable delay over & certain range, and the second amplifier
would pfovide 2 oontrol'over the mark o space ratio of the square=
wave output,

The second arrangement, which is & general circuit to be
employed in conjunction with any practical pilot cirouit, and to
proviée & squars=wave output of unity “M/S“, lagging the input by
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"Eﬁy*anglg ranging betweep (Oo.y»ﬂfé), The circuit arrangement is
shown in Fig, (2.4B)., The fundamental principle of the function

of this ecircuit can be explained in the following manner:-

The intagrgting stage output is in the form of a triangular wave,
since its input is a squarewave, having the same period as .the input
when taken in the form of a symmetrical A.C., signal, The level
dete'c‘l:.o:‘r,_‘l_'las an adjustable pick-up level and it produces a atep
output whenever the input reaches the pick-up level and dropa off
when.it passes, (ghing less negative), its drop-off level., The
output is, fhereforeg in the form of a rectangular wave as shown in
Fig. (2.4B), The differentiating circuit produces positive and
negative pulses at the points of sign change of the rectangulax
input wave, each consecutive positive or negative pulses are (2 %)
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 "™M/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°~»7/2). However, the
behaviour of this eircuit is mentioned again in section (8.6), and
such circuits would produce an error in the "M/S" ratio of the

output wave, due to any primary system frequency deviation,




44

2,5.6 Receiving/Reshaping Circuit

The function of this eircuit is to recover and restore the
square=wave from the remote end which has been transmittad 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 stages, with "M/S®
adjustment, to restore the stéep 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 tﬁe phase shifting network, ‘

The first stage amplifies the signal and controls the "M/S"
ratio, while the secondAstage which is acting as pulse-switch produces

a square wave signal with the same polarity as the received input.




CHAPTER 3

IRONIESS CORE _CURRENT TRANSFORMERS

OR LINEAR COUPLERS

3.1 Introduction

In certain applications, in proteqtive gear, iron-cored current
transformers have 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-core 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 inwestigatad'
in the Power Systems Laboratory of the Manchester College of Science

(21)(26)

and Technology and have been chosen to be incorporated with
the scheme 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'
& toroidal winding similar to that of a conventional current
transformer, but are wound on a non-magnetic core., They are
usually constructed for operation from a primary bar, which is the

normal practice for systems with high short-current levels, but

a wound primary could be provided if necessary.
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The absence of the iron core in a C,T., causes the mutuaiﬂ
iﬁductance m , between the secondary winding and the primary
- eireuity, particularly with bar primary circuit, to be rather low,
This leads also to the consequence that ironless core C.T.s have
two nmajor advantages over the iron-cored ones |

(1) Under normal steady atate eonditionsplthe open—'
circuit voltage in the secondary circuit is jwm Ip, where Ip
is the.primary ourrent, The mutual inductance "m" ig a function
only of the geometrical shape of thé wiﬁding, and doqg not vary
with the primary currsent, The sécdnﬁary voltage is therefore a
pérfectly linearAfunction pf the primary current even at the
highest values ericountered, unlike air gap conventional C,T.s,

where linearity is over a range not exceeding 10 KA,

(ii) The instantaneous secondary vol’cagé ’ !under“ transient
conditions is w(97P/at), where Ip is the instantaneous valus
of the primary current; therefore, if the waveform of the primary
current contains any exponentially decaying unidirectional |
components, as if generally doss under fault conditions, these
components will be decreased in the secondary voltage waveform
with respect to the sinusoidal componenta if their time éopstan%
~is large, High speed relay operation is generally limited By the
presence of these unidireciional components in the fault current
waveform, 80 that their raduction by linear couplers can bhe used

a8 & basis for much faster protective relays.
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3.2 Factors Governing the Application of Ironless~Core C.T.s
gLinear Coupleraz |

302s1 Power Output
It is clear that the power available from an ironless-dora C.T,
is much less than that from a conventional one. This has been a0
far the principie limitation for the use of ironless<core G.T,é in
full replacement for conventional omes, Withi&gg;nt‘of low
burden relays, including completely transistorised schemes, low
output has become no longer a major disadvantage for most qppliqations.
It is convenient, however, to specify the output of an ironless-
core G.T, power in terms of the apparent short cireuit power,
i.e. the magnitude of the short circuit current 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 clrcuit power will be available to a matched burden.

%e2.2 Considerations Governing Power Output

The output power from aggironldaa—coro CoTe ia=dotezminngﬁh51hly
be the following considerations, |
(a) The available space: Like conventional C.T.s, they must be
mede to fit into switchgear chambers, The switchgear desiéner
genera;ly stipulates the maximui_external diameter, the minimum

internal diameter and the axial length.
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(b) The core size for a given overall external dimenﬁibng,_

determines the actual power output,

(c) The winding space factor: This modifies the optimum core Size
to a small extent, but generally for medium wire_gauges,-this factor

is in the drder of 0.6,

302,3 Simbility

Tt is well known that, the stability of protective gear under
through fault conditions depends on the accuracy of éhe currén£
transducers, In the case of ironless-coreicoT,s the quantity which :,
should be controlled is the mutwal inductance and this, in'geneial}gﬂ
can be wound to an accuracy of about one per cent, represeﬁting, '
& s8tability ratio of 100 in a voltage summation scheme as |
diécuased in Chapter (4).

Uniformly wound toroids are uﬁaffected by stray fields in
planes perpendicular to the bar primary axis, other than those due
Yo the ampere~turns actually passing through the centre opening.
They are therefore independent of the primary position, and retuirn
gircuits in parallel configuration. Small stray effects may arilse
from fields having a component parallel to thé axis and interlinking
the coll since from this point of view each layer constitutes one
turn linking such a field, These sirays may be eliminated, if
' necessary, by reversing the prdgression of winding every one or

two layers,
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364 Transient Behaviour of Ironland Ironlegstore G.T.s.

30401 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, fauit currenta are usually
accompanied by exponential transient currents, which ére presented
to any current transducers in the cirouit., These types of
~transient currents cause a considerable difficulty in the design
of iron~cored C.T.s and their associated relay circuits(13)é
Fig. (3,1) shows an equivalent circult of a power system referred
to the secondary side of a current transforme?. The occurrence
of a fault on the system is repreaenteﬁ by closing the switch
"S¥ at the imstant t = O , i.e. when the applied voltage is
E sin . The ourrent which will subsequently flow is given by

the equation

L'g:'%"l' Ri = B Sin (wt o+ ,6) eoece (301)
- By
hence I = -g—[sin (Wt + F = 0) = gin(f = 8)e b1 4

| 21
cesee - (342)

‘ 1
where 12l = (R? + w®L?) /s
® = arc tan “E/R,

and ﬁ = angle at whilch the fault ocours,




c.te 8

/N\“) E sin (wt + ¢&)

FIG, (3.1). - SIMPLIFIED POWER SYSTEM FOR
: TRANSIENT CALCULATIONS.

. .
N = No. of Turns

PIG. g§g2lo EQUIVALENT CIRCUIT ?OR DERIVATION
‘ OF FLUX IN AN IRON-CORE C.T.
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Bqn. (3.2) implies that under the worst possible conditions, the
magnitude of the transient term can be equal %o the peak value of

the alternating current component,

3.4,2 Transient Flux of Iron-Cored Current Transformers

It is imporitant to investigate the effect of the current wave

of eqn, (362> on the flux in the iron core of the current transformer.

The analysis given here is rather brief, and only considers the:
effect in an ideal C.T, working with the severest possible practical
burden conditions, i.e., with a resistive burden, |

Fig. (3.2), shows the simplified equivalent circuit for flux

calculation, the secondary voltage ist=

vS = I , R.D cesce (303)

Now the flux in the core of a current transformer,

cdnsidered to0 be ideal and having N turns, is giveﬁ byt
& .
D u Jﬁ f Vg dt cesss (344)
0

Substituting eqns. (3.2) and (3.3) in (3.4) it follows:=
=R
Ry, B Tt
SB = L. cos(wt-l-ﬁ-c)'-i--g-;'-ain(b-o)e + K

o (3.5)
veeee (3.5

wvhere X is the Integretion constant.

Two ‘extreme cases may now be conslderedi—
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(1)- When sin (8 -6) =0, 1.8, § -6 =0

Subsgtituting this in eﬁn. (3.5), then

Rp E ' N _
é' F wN'Z‘ (003 Wt o 1) ‘ | eosenn (3.6)

It should be noted that this condition if substituted in eqn.
(3 2), then the primary current contains no transient tern,
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 ~8in (¢ - O)a:: 1, i.e.' ¢ - g,_._...g.

Substituting in éqn. (3.5); it followsstw

~ Rp E ' |
‘vgsg = lez| gin w'b +"""(1 - 8 ) sssee (3-7)

This condition gives the maximum transient in the primary current
wave, The transiént flux in the iron-core of the C.T. rises -
exponentially to a value “?/R - times the peak of the altefnating
velue, In view of the fact, mentioned in seotion (3.1), that
WL/ may be equel to or greater than 20, this simply means that
in designing conveﬁtional CeTes a very 1arge'f1ux margiﬁ must
be allowed, As an example, if linear operation up to ten times
full load has to be permitted, & margin of 200 or more must be

allowed on the full load peak alternating flux. This is oclearly
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an impossible margin or rather an imprascticel one. In practice
the transient flux to be expected will be somewhat less than that
given by eqn. (3.7).

It is clear from egn. (3.3) that with a purely inductive burden,

transient flux cbmponents are much reduced.

3.4.3 Time taken to reach Saturation

From egn. (307) is is apparent that shortly after the inception
of a fault-current containing s 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 opéfatipn of the
protective gear, then high syeed protection is possibles if it is
not, then & delay in the operation of the protection has to'oocur
wntil the current transformer core desaturates (or comes out of
saturation), Such a delay ma& be of the order of 10 oycles or more.,

The actual time may be calculated from ean. (3.7), but the
analysis would be tedious, An approximate time can be derived
by assuming that the exponential term rises linearly with its

initial slope.

Ry E
121

steady~atate alternating secondary voltage Vg . Substituting

In eqn. (3.7), the term is the pesk valus of. the

this in eqn. (3.7) and differentiating, the linearised transient
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flux is ¢=

V,
¢l = -ﬁﬁ-t sseie (308)

Now Vg may be expressed as a fraction of the alternating

saturatioﬁ voltage, s0 one may write:-

2Rt N
X

vs =

where ¢3 = saturation flux.

and K = pratio between the steady state saturation

alternating voltage and Vg,

Substituting from eqn, (3.8) theniw

. : . R
BH, . =t nm95§

(R R N K] (309)

Hence t = L.

ntf

The number of cycles "n" , which elapse bhefore reaching

saturation is, therefore,

X
= % « T F— eseavn 10
n - o (3.10)
This last eqn. (3.10) indicates that one oycle of the
alternating current can be transformed feithfully only if the
ratio between saturation flux and peask steady alternating flux
is about six to ome. Eqn. (3.10) is pessimistioc, and is also
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for the worst poséible ﬁransignﬁ‘conﬁitions; as such it is
considered a reasonably safe criterion of practical design.

It follows thﬁt, in order to economise on conventional
’cufrent transformer size, very high speed protective. gear is
 essential, If operation has for example to take place in the
pgribd of two cyeles, then the flux ratio X must be about
twelve, |

3.5 Iransient Response of Ironless-Core C.T.8 or Lineér_Coupléra
Considering the case of a current as given by ean. (3.2)
with 100% unidirectional component, i.e, sin (B =06)=1 , to be

‘applied to.the primary bar of an ironless core C.T., then:-
-E+

IP = 'Ji' cos wt - e eese e (3.11)

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 primery conductor, then the secondary induced voltage

Vs will be given by i=

a1 Sl
vﬂ = mo(fazna . TEXXE) (3012)
o - Ry
hence Vg - :}wm.-g—- sin wt-%f-. e L }

Z|
1 [ E RN R (3013)
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Thus the secondary transient voltage term is reduced by the
reactance to resistance ratio, or the Q 'facfor, of the primary “
circuit impedance, In séction (3.4.2) it has been shown thaf
ironwcored curfent.transformers méet increasing difficulties when
the "Q" factor of the primary eifcuit is large; while ironlesg=
core current transducers are relatively nbt influenced by it.
Gene}ally speaking? when the Q factor is low, the transients |
produ&ed are short in duration, and have no effect beyond a
fraction of the first cycle. On the other hand, when the Q
factor is lsrge, the émplitude qf the transient is réduced by the
ironless-core current transducer and causes little error. For
‘instant, if the Q faétor is 30, the time constant of the
transient is 95 m.8.,;, or 4.75 cycles, and its amplitude is
reduced to‘3,3% of the peak of the alternating quantity. The
secondary voltage is, theréfore, offset'by %.3% when the primary
current is containing a 100%runidirectional'oomponent, i.00
fully offset, Any error which may occur in the pick-up, oi any
time delay in operation due to the transient cannot exceed % o 3%,
and will generally be less, It may, therefora,-ba oconcluded that
linear couplers are, for all practical applications, free from

transient errors.
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3.6. The Effect of Fault Current Asymmetry on Phase Displacement
In the developed phése»oomparison scheme the sensitivity of

phase displacement between the two end currents of the
protected section is limited o a minimum s-tsab'ility angle = a° ,
i.e. & fault causing a phase displacement less than At ao,
" (measured from the antinphasé poéition) would not cauaé any
sripping.

| The ﬁresenee of a unidirectional transient component in the
féhlt current, at‘any_of'the two ends, will tend to modify the
stability angle of—the‘éeheme.

In fact the presence of a unidirectional component reduces
the duratlon of the'squareawavg on one half cycle and increases
it on the other half, resulting in a deviation from a unity mark
to space ratio.. |

The mpst éxtreme unfavourable case, for this scheme, is
that of an internal fault with & negativé unidirectional offset
at both ends. Fig. (3.3A),>reprasents the current waves for
such & case., It is'asaumed that the remote end ourrent leads
" the 180° out of phase position by an angle ao. The tripping
relay Qurrént in the absence bfkunidirectional component will
be a train of pulses each of a duration « aﬁd 360° apart, as
shown in Fig.(3.3B), |

From Fig.(3,30) it can be seen that the first positive |

half cycle of the looal end current is reduced by an angle




(C)

(A) Local and Remote .
End Currents @ =

(B) TrippingyRelay”j(
Current:

(C) Asymmetrical | |
: Local and Remote
End Currents

(D) Tfipping‘Relaya‘D if?

(D)

FIG. (3.3) EFFECT OF UNIDIRECTIONAL COMPONENTS
| ON STABILITY ANGLE.
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(9 + ¥) and the first negative half cycle of the remote end is

increased by an éngle (ﬁli-l)o ' On the second cycle the reduction

and increase will be (' + @ ') and (gr + N\') respectively.
-The result is that the tripping relay current pulse,

Fig: (3.3D), is reduced by an angle ( %' + B') éﬁd consequently

the instantaneous angle of stability is increased by the same

amount, In Fig. (3.3D) the magnitude of the.offset component

is large enough that the first tripping relsy pulse disappéara

as ( %+ B)° are bigger than a®, This has been done so for the

sake of illustration only, |

| The reduction in the tripping relay pulse disapﬁeara'in.

\proportion'to the rate of damping of the unidirectional‘cqmpoﬁents

‘themselves, . | |

The risk remains neverthelésa.that such phenomena would
‘oause appreeiable delay in tripping if such schsmés wefe assoclated
with iron-cored conventionsal C,Ts. Fast schemes, as the 6ne
envisaged, designed to oyerate within 2 oycles would, therefore,
definitely suffer from delay.

However, the use of ironless-core current"transducérs would
reduce the magnitude'of unidirectional transient qomponent on
praotical systems to less than 5% and therefore, the risk of
any delay or stability angle reduction would be praotically
negligible if tripping has to occur within 2 oycles,

This arrangement has totally eliminated the need for




complicated and expensive d.c. filter networks which are

58.

generally associated with schemes using conventional C,T,s.
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CHAPTER 4

" RELAYING QUANTITIES FOR DIFFERENTIAL
FEEDER PROTECTION

4.1, Introduction | | | |
The‘principle of Comparing input and\outputtcurrente is well
established in the protection of feeders. The quantities at each hk
end of the protected section may be compared in either magnitude
or phaee,:or a oombination;of both.‘ Thie could.be‘carried_out for
‘each phaee indiyicoally thereby introducing a»greet deal of
complexity‘in the‘protective‘geer;,such;schemeewhave been
abandoned-on.the groUnds that'they areAcomplex\end unecooomical.
In generel, differential feeder protection uses a single relaying
quantity. at each end of the protected section. To achieve this
 some device is neeeesary which will . oombine~the currente-of ali
three phases. Thie may be done by means of ¢= |
(a) a summation tranaformer, associated with conventionel
phase-current traneformere, _ |
(v) or ite equivalent connection for ironless-core
c. Te(linear couplers), ehown in Fig. (4 6).
(e) vy the use of a oombination of eymmetrical phase

sequeqce oomponente deriqu from eegregating

; ¥
1 \ W+

networke.
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A detailed analysis of the outputs of the summation
transformer and various combinations of phase sequence currents
under different aingle shunt faults has been made by Adamson and
Talkhan'® .

A oritical reviewlof the summation transformer and its
equivalent connection with linear couplers is discussed in this
chapter.

The single relaying quantities for feeder protection have
some specific funotions to perform in a relaying scheme as a

whole,‘and in particular for a phase-comparison scheme as the

one under discusasion.

The relaying-quantities, derived from a system under fault
conditions, have two mainAfunctiona in the envisaged phase-
comparison acheme, desoribed in this work:-

(1) The magnitude of the reiaying.quantity should represent
and give indication of the ocourrence of a :ault.' The fault
indicating quantity is usually fed %o fault detpéting elemenfs.
generally known as the starting elements. The output of these
atarting elements would render the protection scheme ready to
carry out its function and under spécial cases may initiate

tripping.
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(11) The phase angle of the relaying quentity 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 qu;ntity representing the fault conditions at the local
end.. Proper compensation for phase shift due to the link, if
any, has to be carriéd out before compﬁrison takes place.

(6)

use the same relaying quantity for both

(7)

Some schemes
fault deteotion and for phase representation, while others
uge different relaying quantities. The decision affecting the choice
of the relaying quantities was teken on the basis of experience
galped from difficulties arising from the applications to a
particular aystem. In other words, the felaying quantities were
decided upon for local circumstances, with the result of using
different relaying quantities for the same scheme.

( o) %W\ﬁ*%\
It was recently ﬁ@hat a particular combination has been
favoured as a relaying quantity for feeders. It can be used for

most faults whioch may occur on & transmlission system.

4.,2.1, R R I
Fault Conditions
Relaying quantities, when expressed as a function of the
fault current, depend mainly dh the type of fault. Symmetrical

three phage faults ae sometimes detected in a manner different
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from that for-ungymmetricai ones. Three phase faults are generally
assoclated with extremely high values of positive sequence current
and therefore higher relay settings are used to discrimiuafa
hetween. 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 sﬁquenee 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 clea; single phase to earth fauitﬁl"Tha
appearance of the negative sequence component cuxrent is common‘
"to all types of unbalanced faults whethér they involve earth or
not. This feature together with the fact that its magmitude is
zero under normal balanced ioad conditions makes it suitable as a
fault indicating and/or representing relaying quﬁntity.“Fault
detecting elements in some cases are made to reapon&'to'the presence
of the negative. sequence component of fauit ourrent. When the
- amplitude of this component reaches a predetermined-level, the
détecting elements reapond ihstantaneoualy and holds so long as
" the fault persiste.

The preeenﬁx%f the zero-gsequence component of the-fault
current, or its appeaﬁanoe, does indicate either a-fault involving
eaf?% or a series fault, and, therefore, is used ‘also for fault

dateqtion.
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Low fault‘gprrentg are generally encountered with‘s;ﬁg;e
phase to earth faults and therefore the presence of the zero
sequence componeﬁ?hcﬁrrent is a favourable choice for the detection
of fhéseffadltso.‘Tﬁe;positive SeQuenée component canlalao then
be used to indicate ana/of represent polyphase faults, not involving
earth, where the current levéls are generally much greater than
the normal loads encounteréd'on any system. |

The choice of any two of the seqﬁence componéents would bhe
‘generally suitable as relaying quantitiéa for fault indication
“but for phase-comparisbn schemes the phage angle of the fault
representing relaying quantity has to be»examinéa also before any -

‘definite choice is favoured;

A réléYing quantity, for phase-coméarispn“prctaction"achémea;
hes to represent faithfully fhs current at each end of the protec%ed
‘section, eithér under normel loads or fault conditions.:

It is clear that none of the sequence component currents
“‘alore Gan represent the phase of the fault ourremt, -The positive-
sequence component of the fault current cannot be used aione'sinca
the load ocurrent, which is totally positive sequence; may mask it
" under maximum loading conditions when associated with low fault
‘currents. This may cause also failure to trip under- certain

internal faults.
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.The abséﬂée of gegétive sequence . component, though it gives a
 correct phase reg;-'é__'gggitation_ without being sffected by the load
current,fduiiné éyﬁ&éfriéal three phase faults is a drawback and
therefore 1imiﬁsiitgA9poice alome. |

The zerolé§Qﬁéﬁéé component of the fault current depends on
the.differentyﬁethods of neutral earthing and may évéhm£6t-be.
preabnt at one end of a protected line having an isolated
»fransformar neutrals° Also 1ts absence during three phase faulte ’
adds another limitation to ite application as fault reprasenting
quantity. e

(8)(9), the authors held the opinion that

In papers published
the optimum combination of‘phaseésequenee components for adequate
represéntatiﬁn'of‘tﬁgxfault currént.undgr.all system fauit A
con&itidns, is a comsination of thé'negative and positive ﬁequance
cbmponénﬁqo' The general-form<of the auggeated‘relaying-guﬁntity_
In, ihiéﬁﬁis used to represent the fault curgentfdf'the‘3*pha§e“‘

systéem both in magnitude and phase, is given bys-
Im = HIaa + NIE' . ieas (4.1)

whare'I;‘?and Ig, are the posifive and negative phase sequence

componenta of the current in phase "A“ respectivuly, "M and N" _

are Qoefficients whith may have a range of relative valueu.
AAdetqiled analysis and investigation in the nature of this

relaying quantity Ip is'given in the next chapter.
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Another method used to 'obtain a single relaying guantity, from |
the 3~phase currents, is the well-known summation current transformer

derived by 3 C.T.s one on each phase.

4,3, Summation Curyent Trangformer (s.c.m,)

The‘éummatiQn ourrent transformer is widely used for the
derivation qf'é:siﬁéié relaying quentity for protective systems
because of its iéhergnt construction simplieclty.

It is welliknowq that the summation t:ansformer has its .
limitations. A critical study of these limitations is made here 1#
this section, It is aléo knoﬁn that certaln "blind spots" may
occur, with the ééﬁiiéation of 8.C.T.8 for which a low output is
obtained under’ internal fault conditions, partioularly with
resigtance earthed systems.

The following examines ita limits of application.

AaBele

A typical 8.C.T. arrangement is shown in Fig, (4.1), having
primary winding ratios of 1:13n,
The output of the §.C.T. (Igm,) is thus given in a matrix form

by s~

18.
IST = [(2 'f’n) (1 + n) (n)J I‘b 'coooo (4:2)




T

ouTPUT

o

N

CEND (4) . END (2)

FIG, (4.1) SUMMATION ¢ URRENT PRANSFORMER. . -
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'Io
= [t 7 @+ e2)  (a+ 2l [I,] ... (423)
where Iy, I, and I, are the zero, positive and negative sequence
- components of the reference phase current Ia.

-Phage rotation given by "ABC",

There are, howevér, certain well-knvwn'"plind apcté" with
S.C;?;s'in general and‘ﬁith their application for pilot wire
protection in particula®. A condition of phaseangle ‘comparison
mesked by load current is illustrated, in Fig. (4w193 for an earth -.
fault on phase "A" coincéident with a heavy load current flowing
through the feeder. If Il,, Iy andhlc arevunity PeFe load currents
‘of phages “A; B and O" respectively. The S.0.Ts ampere~turns at
the two ends of the fgéaer are drawn, (assuming“n“=‘3), giving
outputs (OA) at the }ault in feed end (1) and (55) at the load
end (2).

With ‘the pa¥ticular values shown for I and fp it is meen that
.ﬁhe outputs are almost in antiphase but differ im-magnitude.

"ga" being the anglé of the fault currvent. A phase-comparison pilot
P

wire protection achéme;’aéQOQiated with S.C.T.8 may-then fail to trip -

when used in conjuhcotion with power systems having resistive earthing
for"lihifing the Single:phésé to-éarth fault current.. It is,
‘therefore, important that amplitude comparison shoﬁiq“be applied up
td' approximately twice the rated feeder load current in such.cases.
Two gonditisns "for zero, or rather low, outputs from a 3.C.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

connected secondary of the transformer would lead to & current

distribution on the delta side of 2:1:1 oh phases B, C and A,

respectively. With equal ab and bc turns on the S.C.T. primary,

the secdndary output will then be zero. Theé simple 5.C.T. is,
therefore, nbf suitable for use on & transformen/feeder over all
pilot-wire protéctioh 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 méy'be“lbwo In
Fig. (4.2 B), if it is assumed that I, and Iy are in phase, then

the S.C.Ts primary amp.-turns is given by:-

Total A.T.s = § Iy (Na + Ne) = I (Na = Ne) cooon (4.4)

Then the condition for no output will be:-

Na + N
Sthe . Hoy e )

For a typical S.C.T. having turns ratios of 13113, the expression
A I ‘
in eqn (4.5) would glive Eﬁ"-z y-& ratio that may well occur in

practice.




Conditions.
For the typical S.C.T. arrangement shown in Fig. (4;1),

the output “Igp" is given by eqns (4.2 and 4,3).
For balanced three phase input currents Ig, Iy, and Ig, the

output
IST = (2 + a.a.') Ia

Hence Igp = {3 I, [=30°

cooer (4.6)

The effect of &n unbalanced input, e.g. a fault condition,
will be considered by the use of symmetrical components as given

in egn (4.3).

(2) Single vhase to earth feult

The connection of the sequence networks f'or such a fault is

shown in Fig. (4.3). Under this fault conditionm, -

I l ' I ; I . 5, S v - -v_ 1
7 %2 %% T B v, +2 %y, 1+ 2K
i -nﬁov (4-7)
./ VA <
where K ‘= 29' = EQ
1 . g

For phase "A"/earth fault, I, = fault current,

senae Ia = IF 3I° = 3 z' 1 + 2K N sasve (408) ‘

Thg vector relationships between the megquence. component

currents are also shown in Fig. (4.3). Por-suchia fault, the




IC| I‘?. In

e S——
Ic, = I-F .
a; Phase "C/E" Fault

1, /1
bZ \

FI1G. (4.3) SEQUENCE NETWORKS CONNECTION.
(Single Phase Faults)

A1

(A) Double Phase Faults

"A-C/E" Pault N, P,

(B) Double Phase/Earth Faults | 2

NoL : A VAN » B

FIG, (4.4) SEQUENCE NETWORKS FOR DOUBLE PHASE/E. PAULTS.
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- _output of S.C.T. as giveﬁ by eqn (4.3) will be:-
Isp =3I, (2 + n) e (409)

Substituting from eqn (4.7) for I, therefore,

Yy i
IST’ = 3 Z, * 1.+ 2K (2 + n)

I

) ceaie’ (‘10-10) .

Similarly, and by reference to Fig. (4.3), it can be proved
‘that the S.C.T. output for a phase "B"/earth fault,

IST‘ = Io (3 + 31’1)

I teesd (4011)
hence lTSI, = (n+1) |
. ¥

and for a phase "C"/earth fault,

Ist = Iy (3 + 3n) - 3I,,

I no;b)'(4t12)
..hencé’—:[sé-n-’ = n

(b) Ehans.ss_nhnss_iaﬁliﬂ

The connection of the sequence networks for. a, "O-A" famls,
not:involving earth, is shown in Fig. (4.4 A):'-For such fault ~ * ' -

conditionsit can be seen thats-

Ib' &= -Iﬂ = 21 + zé = 22‘ “ee s (4*13)

(assﬁming that 2, = _Zg)




70. T
The vector relationships between the sequence component ‘ T
jdurrégtéfafa also illustrated in Fig. (4.4 A), and assuming

the fault current Ip = Ig.

Then ’ .
Ic = Ip = =3¢/311,]

R ‘3./3.‘5%: . "saene (4‘14)

' The output from the S.C.T. for such a fault, as-given by

. eqn (4-3)9 will bes—

Ist = 2(Igy + Ig,)
I + . sssee (4.15)
hence ' 'i%?' , = 2

Similarly, it éarn be shown that for phaae;“AaB"'anﬁ""aac"
. faults thati- | |

Ispy i = S
= ‘ o ’ YRR -16
= | | | (4.16)
'(c) Ihree phase faults.

For this condition of fault the phase currents are equal, i.e,
Ig = Iy = Iy = Ip = I,, where I, = V/2,.
Eqno’(4n3) for S;C@To output will then gives=

Igp = (2 + a2) I,

and "I:heréfore IE-S-T-I = F_’;

- (4;17)
Ip -
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(d) Double phase to_eaprth faults
- For the tﬁfée‘bossible cages of fault, the[S.C.T; output ims~

-Io- .
(1) 173(1+n) (2+a2) (2+a);7 I, for a BmG/earth fault
1,

(11) [3(1+n)  (1428) (j+2a8)7 |1;| for a-C-M/earth fault

(111) /3(1+n)  (a+2a2) (2a+a2)_7 | I,| for a B-A/earth famlt

These outputs are given for the conditions of a "B—C"/eﬁrth fault
applied to the various sectione of the primary winding of the

S.C.T. |
R‘é\fén.-ing to Fig.(4.4 B), for a double phase wto: earth on

8 "B-G"/earth it can be seen thats-

Ib = 57y -2~ {2 (142K)_ 7 veves (4.18)
|

1+2K
r 1 r3,.0
and I, = 7, * T L- £+ 33 (1+2K)_7 ceeee (4.19)
7, /A
where K = -z-?- = E‘:

Cons:l.dering. the fault current Ip = Iy, then the output of

S.0.T. for various faults issi=
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For a "B=0"/earth fault,

: . /3. |
Isp ='z‘“{a"{‘f§§'[(g'+ 3n) + 33 (142K)_7 ... (4.20)

Therefore

..§_T_ - 1 ocooo-(4.¢21)

p -7 1+ 3(1428) / V3

for a "C-A%/earth fault,

Igr = =7 - Tagg L30m) - 3/5 (uex)T o
: ceavs . 4&22

Igp 2 4 n
hen&'«a -T“. = 2 ("'1 + -~ a ) doeae’ (4023)
A B g4 g R :
el

Similarly, for & "B-A"/earth fault,

Eﬂ = 1 + _—2-(.1;".91.).__ (4 24)

Iy 1+ § ljé; .

3

In Gonsidering the two extreme cases of- Zy = jXg and
Zo = Ry, the magnitude I-I-%“-’-l is given by the modulus' of the -
above quantities substituting K =-jk; for the camme of 3y = Rp.
In a general came, where the zero'saquence"tmpedance is -
cotiposed of & resistive as well as a raactiﬁe pﬁrt,'thsmmagnitude
of the relaying quantity I-I-I%?-l is given by the‘méduﬂaga."af .

* eqns (4,21, 23 and 24), substituting K by the-sxpression,

(k - $ic,) o eeess (4.25)
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40303, S.C.T. Performange in FPhase Comparison Protection -
Schemes

A basic arrangement of a S.C.T. is shown in Fig. (401)\
For a balanced 'three phase input the output was shown in
eqn. (4.6),"fof;orrespond to J3 times the phase current and to be
lagging with the reference phase current lg by 30°,

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

In 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 gndypf opposite phase.
On the occurrence of an internal fault th§ phase difference is

For single phase to earth faults the phase relationship of
the S.C,T.s outputs is a function of "n" and the ratios of the -
balanced to zero sequence current / (I, or I,)/I, _7/ at ‘the two
ends of the protected mections. It is an essential requirement
that these eénsiderationa should not give rise to incorrsot’
outputs and consequently wrong operation. The expressions for
S.C.T. outputs during the three single phase/earth fault conditions
are derived in eqns' (4,10, 4.11 and 4.12), An investigation
i8 required to determine a suitable value of *n“, such that a

correct output is always obtained under practical fault conditions.
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For an internal single ph&se/éarth faults the output of the

S.C.T, ig given by:=

(a) For a phase "A"/earth fault.

Igp = Io (3n+ 3) + 31, coess (4.26)
. In order ;o obtain an output of a posiiive polarity then,
I(3n + 3) > -3I,

I
or n ‘>, "“"iao"-"‘i XEXX) (4.27)

Hence for all positive values of "n" 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 'IST' = /3 |Ig| from eqn. (4.6).

Therefore,

o (3n + 3) + 3Ly /3 |Ig]

IR] - 31
T ay L2 ‘;L S ceren (4.28)

(b) For a phase "B"/earth fault.
The 3.C.T. output under this fault condition is given by
eqn (4.11) nemely:-

Ign = I (3n+ 1)
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For an output of a positive polarity,
Io (3n+3) 2> 0
Therefore,

n > -1 eeees (4429)
Bqn (4.29) which gives the output of S.C.T. does not contain
a positive sequence current component term, the zero sequence
currents must therefore be present otherﬁise the output is gzero
for all values of "n". The presence‘of the zero sequence current
“Eives the correct polarity to the output for all positive values of
"n", |
Consideriné the magnitude of the output, the minimum value of
which should be equal to /3 |Iz|. ‘ |

Thus I, (3n + 3) } /3 |} .

I .
or n >/ -!'QR-L_-‘l er e (4030)

/3 1o

(¢) For a phase "C"/earth faults.

BEan (4.3) gives the output as,

Isp = To (34 3n) =3Iy

For en output of positive polarity therefore,

I, (?n + 3) = 31 }, 0

‘ I
or n> "i%—‘ sanen (4031)
Y+
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»Gonsidgring the minimum output to be equal to ~/§WIR|.

Therefore,

Io (3n + 3) = 3Ig > Y3 |l

/’3 Igl + 31
oY nz " l 310 2! -1 soces (4032)

Fig. (4.5) shows the connection of the seguence ﬁetworka for a
phasa/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 dlagram of the sequence component current is
also ahoﬁn in Fig (4.5).

Considering eqns (4.30, 4.31, and 4.32) it is apparent that
the phase "C"/earth fault condition is the one which determines a

requirement of "n",

ie. n > I /I' -1 or I' /I“ -1 secee (4433)

A practical ratio of balanced to zero sequence infeed at the
end of a long transmission line during a single phase to earth
feult at one end, can be as high as 3.5, which is a typical G@iuﬁiof
132 K.V, dovble circuit lines. It can be shown from eqn (4.31) that
under such conditions a S.C.T. having ratios of 1:1:2 is prone to |

fallure. This particular ratio was used in a manufacturer's acheme
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known as "Contraphese" protection; A satisfactoéj turn ratiqahxoulﬁ
be of at leapt 1:1:5. , | '
| Generally the iﬁf‘eed ratio of (I, /Io = 3,5) would be for
linee greater in length than 25 milea and thereforo does not
necessarily apply to shorter pilot-wire schemes.
For shorter lines the ratio of balanced to zero aéquence _
current infeed would be considersbly less than 3.50. |
~ Eqn (4.32), which states the limit for the output of 's.'c.'w.

undexr phase "C"/earth fault and by substituting 3.5 for the ratio
of (1,/1,) givea:- ‘ - |

n > Al +2.5 ceer (4230)

/3.|Io"

| For a practical case where In_s_SOO A, Ig was equal to about
130 amperes (on a déuble circuit 132 K.V. aystem), and eqn (4.24)
then gives |

n > 4.7 | veoer (4235)

The case considered, with the fault being at one end of the
line, was made to be a limiting case to illustrate the bﬁaic' |
elements in the determination of the value of n.

In the above analysis no consideration has bcon given to
the phasa shift whioh is introduced between tho zero sequence
conponents 15 and 13 » partioularly o: I& of the remote end from
the fault. HOwever; theae\effécts are quite small in such a cass.

This can be better seen by considering the difference in I, -as
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given by 'Ig + Igl and |I° + I"l o which was less than 5%, for °
the practieal case conaidered in the analysis. o

From eqn (4.%5) the ratios 13135 for S.0.T. would seem a
reasonable minimum {o operate with phase comparison schemes, thus
avoiding the choige of unéuitéble turh ratios which might result
in having a"TBOQ'phhée'shift‘under certain internal fault conditiéné.
It is undersﬁood“fhaflthé'value of n = 5 would be satisfactory for
| double'phasé/eafth’faﬁi%s(g), |

It is now'léf%'t@“fhe art of the designer to arrange for the
"blind sﬁofs".to fall outside the normal range of system fault
condi%ionsféﬁébuﬂﬁééed in practice. The desiéner"should also

check the suitability of the S.C.T. turn ratios for his particular

system in a similar manner to that dgsbribed above.

The other alternative of providing a single relaying quantity
from & 3 phase system is by uaing linear coupler summation arrangement.
For three vhase systems, the arrangement is very similar to
the conventional SDCaT° one. (

The linear cotplers on the three phases have different
'tféﬁéf%f'iﬁpedhnbesﬁ for instance, that on phase "A" may be rﬁted
at 10 V/kA, on the "B" ‘phase at 8 V/kA and on' phase ngw at 6 V/kaA,
.0, Of the’ ratios 53433, This arrangement being equivalent to having-‘

different turn ratios on the‘SuCoTc
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‘A1l the three linear couplers, one on each phase, are connected
in series and in geries with the tripping relay.

A diagram of a typical arrangement with two sets of linear
couﬁiéis, is showﬁ in PFig, (406)o It would be appropriate here
to investigate the Bettings of the relay operated with this
srrangement under differént fault conditions: |
(a) Phage to eapth faults

" In the abdve mentioned example, it is oléar that the earth

fault setting wilI”be;dinerent for each phase, similar to a
. 8.C.T. arrangémeént. |

If fhe”pfimary”dpérating current (P.0.C.), which is the
threshold qperatiﬁg‘errgnt, for\ph&ae "A" is, say, 300 A; then
that of the "B" phusefwill be 375 4, aﬁﬁ 500 A for "C".

The"edrfh:&uit ée%tinga may be formulated in the foilowing
manner. | | |

If'If, Tp,dnd Ig are the earth fault P.0sC. for phases A, B,
and C, respectively.

Zp, 2p,and 2) the transfer impedances of Xinear couplers
and their ratics are ﬁ} n+i 8 n+2, for phases C, B and A, respectively.

Then the minimum secondary voltage Vg required for' relay

operation is given by:-

S et . A
vB = IAZA = IB ZA" ﬂﬁ = Ic ZA ;EE . deolse (4036)
ore | Inm = nt2
Therefore Ip = Iy » 4t . : )
sedso 4037 L
and Ig = Iy o 3.}'\‘.;2.
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(v) Phese to phase ggu;téu
"'Thére”aféwdhiy;two different settings for phase/phase faults,
that of "A-B“'and'“chﬂ being thé eamqg; o
Generally speaking, by referring to eqns (4.36 and 4.37),

and denotiné ££e PaOodo by Ipgms for'"A-B“rphase/phaée fault,

Ipg for "B-C" fault, and Ipg for "C-A",

Then  Vg'w IjZj =Tjp.zy [1 - 17 coens (#.38)
sincé for phase faults I, = = Ig of "A~B" fault,

P

IB = -Ic for nB;C" and IC 2= ."’IA for "C=A" fault .

Therefoi‘e, ) IAB = (n+2) IA o ST I ° .f.:ei-"‘(4.‘-59')‘ SECEN

Similerly, for a "B~C" fault, it can be proved that;
" Ipg = I (n+1) weess (4040)

and for sn "A-C" fault

Lﬂgﬁl I, T veees (4}41)

IzG =

It.ia“@iﬁar“fhat,for the above exampie, if the most sensitiva‘
phase has annéafth'fault Pubaco of 300 A, then "A-B" or "B-C"
phage faults will hve a P.0.C. of 1500 A, and "A=C" fault will
haée & P.0.C. Gf 750 A,
(o) Znxes vhase fauite

The gglcﬁiﬁ¥1oﬁ qf”ﬁhe three phase setting is a little more

o ‘ . 5
-complex than the previous cases of phase to phase faults, .
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‘Assuming that Iypp is the three phase P.0.C., then from

eqn (4.36) it follows:-

Vo =1,%, =I5, {1 + ( ) n+2) '} ieees (4.42)
therefbfa’“ -
Ipe = La £§f§% | cenes (4:43)
hnd“heﬁce
Tane ="n/§g' Ip ceeer (4.44)

Eqn (4.43) Shbﬁﬁ'that IABG is leading IA by an angle of 30°,

In the previously mentioned example, the three phase P.0.C.
would be 870 A;‘ | |

‘The above mentioned 9qné.(4,37; 4.38 - 4,41 and 4:43) could
be expressed, as'fof'fﬁe case‘offS,G.T{,SQG. (44302;)51n-térms
of "the sequence cdmponént‘ourréﬁté'of the faulted systemi However,
thia will’ ganerally follow the same .procedure &s explained befors

in the S.C. Tc Ccass.

4.4.1. Effect of Svgtem Confisuration on P.0.C. and
" N ' " . .
(a) Erimary overstine current (P.0.¢,)

In résistance-earthed systems, the earth4fault current level
may”ﬁe'vhryiﬁﬁw due to ‘the earthing resistance limiting effect, say
of the order‘of 500 A. To ensure correct tripping under exceptional

circumstancés, it is desirable that the primary operating current
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be mgde less than this, e .g. about 300 A as in the ekample
previbﬁsl& considered.

In soiidl& earthed systems, and always for multi=phase
“faults, & much highér 'sétting is both permissible and-desirable,
A figure 6f about 20% of rated breaking capacity is themaximum - -
usually cﬁosen for the- phase/phase fault settingm, and- about half

of this for’ phase/earth faulta.

(b) Stability ratio (S.R.)

The maximum through-fault current which ean be-‘cleared is
fikbd“by‘tﬁé b%ééking;iapaeity of the switchgear. This current
level 1s the minihuhwéféﬁle limit in the_caée of “phase/phase faults.
For earth faults, the minimum level is sbout half-of -this in
resistance edrthed systems (the aarthing regiatanca may-flash over),
but ﬁhsré"ﬁhlfiblé s6lid earthing is practiced, the minimum level
ig the same as for phase/phase faults.

Thd'é%&ﬁiii%y'ratio, defined as thelratio“hetwaun“the p:imary‘l
curtrent level- IP at which instability occurse and the P.0:C., is.
considered tq reﬁresent the range of currents over which a particular
seheme will operate satisfactorily. Thus the S"RT“ia’higheat for
resistance earthed systema. For instance, the P04 G. ‘may be 300 A
for phaaa/earth faults, and the maximum through fault current could
be as high as 30 kA, giving a ratio of 100:1°"Tnmaoma'countries;
ahd'iﬁ”%ﬂE*U.K;, in the near future, through fanit*eurrentwlevela
are as high as 60 kA, thus giving & ratio of 20031 for the -

‘ previous example.
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This position has considerably worsened by some limitatibhq-
of"uieré-buch as the G.P.0., insisting on low earth fault settings
to protect their equipment from any démége which may ocour duérfo
htgh'earth“fﬁﬁi% currents circulating during féulta on power
systems. On the other hand, in multiple solidly earthéd“ﬂvatems
the maximum earth-faiilt through current may be“qf-thé~tam0“order
of magnitude as that of phase/phase fault current. |

The stability ratio, héwever, is determined in the case of
linear couplers by the degree of acouracy to which indiyidual
coupler coile can be adjuated,sec. (3 2. 3.) i.e. 1ndependent of

fault current. The atability ratio (S R.) is given by(26)

SCRO = % ' | 00.'00 (4'45)

where "&" ig tlie“practical error band within ﬁhﬂch all ooupler
‘coils are adjusted.  This error is evaluated fbr‘a*éet‘of 3 coupléré
and was found to be less than 0.4%, s60. (662474). |

It has'béeg previously mentioned that the earth fault
through curient ) for resistance earthed systems may be, at the most,
one half of the'phaso fault thréugh level,

Providing th&t“tﬁe value of nsec. (4 4’)“is at least 2,
‘ the aoc&raqy or winding %ho linear coupler coils n-ed only be half
| of that detgrmined theoretioally by eqn (4 45). _
‘The reason for thiu is that the phase/phase and three phase
- LUl ﬂtability ratios are raduood by @“ha) and'?ﬁg, raspootively
eqns (4.41 and 4.44), and the earth fault stabilit; ratio is only
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- half that'required'ig a s80lidly earthed scheme. Hence,'prbﬁided'
that 2%£J>é,'i.e° n'> 2, the three phase linear coupler arrangement
has gn"effecﬁive S.R. which is only half that of a summation

afraﬁggment for a single phase céae, 8ecC, (6;2;7a)ﬁ“ o

4:;402. C mparis S.C T A

The'forégoiﬁg analysis shows, that the only limit to ‘the

- stabllity ratio atteinable with linear coupler mchemes is the

' “dbgree of "accuracy to which the toroid coil cat be adjiusted. o
T Instébili%y iﬁ iron-gored C.T. summation schemes may be caused by
vdriafion‘éf“%ha‘CkT%'bhﬁnt admittance or by seturation: of one or
more of théaG.TJEJ'“thbility rﬁtiog of about 60s1 are attainable
with'ii6h1é§red"CZTYB§'bht for linear coupler schemes much greater
" ratios can be obtained, |

'>T§9'§.O.é.'f&:'iﬁte;éqiffgéits, for the vase of Iinear

couplers ézrran'seméﬁts ‘;lﬂ . upaliered ;in the presence of"the highest: '
values of through fault current. All saturation troubles associmted
“with irohiédréd schemes are absent, and theﬁe is no necessity for
elaborate schemes of stabilisation, compensation, or blas, thus
" %%Eibéiﬁﬁig”%yge"bf”arrahgement more attréetiv@.‘frbm‘th@ application

and financial points of view.

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

problems assoclated with relaying quantities for feeder protection.
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The function of relaying quantities for phaae-oompariaon“\
schemes have also been mentioned and arguments for the choice; in
the developed gcheme, of the positive and the zero phase sequanca“"-e
ourrent as fault detecting quantities, or starting signale, have
been put forward.

A detailed study of the summation current transformer (S.C.T.)
and the equivalent gonnection for linear couplers was also,diaouaséd.
A procedure of checking the suitability of S.C.T. turns ratio,
foi diffaraﬁt syatem configuratiops, under single phase 10 earth
faults has been described.

Summation transformers are generally satisfactory for most
golidly earthed systems. But the anaifgis of the ironless-core
C.T.s arrﬁngemeﬂt, to provide a single relaying quantity, has shown
that its behaviour is far better than a S.0.T. scheme, suppiied
from oon%entional C.T.s at least as far as stability is concerned.
Summation schemes operated frﬁm ironlesg=core C.T.s (linear bouplers)
have therefore advantages over the existing ones as they eliminate
saturation and ita aseociated troubles.,

. However, it is the opinion of the author that a similar
analysis for the 8.0.T. case, and ite equivalent with linear
douplers, for & aystem with double ciroﬁit lines and having double .
 infeeds would be worth tackling on a digital computer. The qffgcf
df-ihe mutuals of untransposed lines as well as a moving fault
could also then be considered, to give a better undarstnqding of

the§problems.
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CHAPTER 5

ANALYSTS OF SEQUENCE CURRENTS
'COMBINATIONS FOR PHASE ANGLE REPRESENTATION

5ot 1ntroduction |

Phase sequence segregating networkq have been'used inoreaaingly

Tor salection of relaying quantities for feader protection,
particularly in conjunction with phaseucompariaon schemea.
| | Different combinations of aaquence quantities are possible(g)
but each combination may also have its "blind apots" It is
therefore important to asaess the oombination most suitable as a
relaying quantity. . N N ,

It was previously mentioned in aeetion (4 2 2) that the
combinatian (anz + NIa1)' as a phaae nepresenting quantity. has
given satisfactory output oharac#eristie under all possible single
sﬁunf fault conditiona;‘ |

It has been also noticed that this recommended combination
referred to the sequenﬁe componént.currents of the reference- phase
"at, in a phase aéquehce rotation given by "abe", Furfhermore,

(9)

the analysis given'’’ was thorough end lengthy in particular
for systems with resotive zero~sequence impedance only. The
behaviour of such a combination has been inveatigated, under
one type of fault conditions, for a system having a zero-aequenoe‘

resistance Ro »
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However, the analysis glven fdr the general practical case
>of.a Zero~-sequence impedaﬁce Zo = Ry + jXo » would be inadequate
tovéeneralise and may be a little inadeurate;

A1l these factors lead to the necessity of further investigations
for this partiéular combination of sequence currents as a relaying
,quantity, with the‘possibility of using combinations of sequence

component currenis of the different phases.

502 Relaying Quantities
Por the purpose of the analysis given in this Chapter, three

combinntions are selected:= .

(a} Ime = Mlgg :‘NIm‘* MIQ‘iNI,,

(b) Iy, = MI,, Iy, | cvees (541)
_ o | |
(e) Iy, = MI,, = NI,

where Iy and Iz are the positivé and. négafive sequence
component currents of the reference phase "a", and (M and N) are -
coefficlients, |

These three different combinations / ean. (5.1)_/ cover
most of the possible qlternatives. A positive sign'is»only
adopted in the analysis, buﬁ in the general case of evaluating
the relaying quantities either positive or negative values for N |
are considered,

‘In é three phase system with phase‘gurrenta Ig s Iy and Ig,




the relationship of the symmetricai component currents of, phaée
"a" say, is related to the phase ocurrents by the well kmown

equations =

Iy, = 1)3 (Ig + alp + a2l,)
:ag = | \1/3 l(Ia_ + aglb + 31:3) | - ;;... (5;2)
I, = /3 (Ig + Ip+ IO) |

| ‘vhere & and a? denote the- Operatora 33120 and 932400

respactivelyo
Similar expressions for phaaes "t and “c“ cculd easily be

derivad from the relationships

Tpy = a’iaq v Igy=8lgy o Ip,malg, and Iy, = a'Ia,
' ioiof (503)

Substituting the vaiuaa of the phase sequenee currents
_[T%qna. (5.2 and 3)_7 in the expressions of eqn. (5 1) for the
relaying quantities, it followsi=:

. 1/3 [(n + N)Ig - T {(M"‘N) + 2 = (M - N)}
| - I, {(M"'N) -3 /3 > (u - N)}J | veree (544)

g = Vs [1a { @ <3 B} en, @Ky By

2 .

- IO "I‘"I'EE') J : | | | Vtooo‘o (505)




8%,

im:s = 1/3 [Ie.j{ (3_!%&) + ] /%N} - Ib{(l%y') + /-2- (M‘ai- N)} . |
.f ‘ ;;105 (5.6) -
end @2} 7 oo

Expressions (5;49 5 and G)l give the relaying quantities as
functions of the coefficients (M and N) and the three phase currents.

.The relaying quantities, dérived from thé sagréééting networks, ~n
can therefore be evéluated under various faults ocourring on the

power system, : 8

5¢3 Single Phase to Earth Faults
. 503,21 Phase "a®/Earth Pault
Undex this fault condition; the fault current
IF 4 Ia . a’-ﬂd 1b = Ic = O
Substituting these in eqns, (541), taking Ig = Ip and

{M/N) = a , it followssw

\m/Il = ez s ow, (L) ceers (5.6)

and

IIMQ/IF‘ = ‘Im3/IF‘ = 1/3 (M2+‘Nl - MN)‘/!

N (1 -gr"" aa_)'/z
’ 3

eesse (5.7)
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5¢3+.2 Fhagse "b"/Barth Fault
For this fault condition Ip = Ip and Iy = I, = O,
Substituting these conditions in eqns: (5.1), and taking

(a = MVN)» it givesg~

‘ - 1 2, o2 Y
|Ini/1p| = |Ine/Ip| = /5 (% N% - mw)
4 N
(1 ~a+a)’/? S
= N 0 . ‘ coeree (508)
3 :
and P
‘IES/IF' ) 1/3 (M + N) = .N ° LL.%..E). . sevee (509)
50.3.3 FPhage "o"/Barth Fault.
For this case IF = I, and Iy =1, .

Substituting these conditions in eqns. (5. 1), and following

the same procedure as above, it follows =

'Imi/:[]ﬂl = 'ImE/IF' = 1/3 (M2+ N2 M) 1/2
(1 - - aa)‘/ﬂ
= v 5 ceees (5410)
and
|1e/Ts] = /3 (4 w) =N.(1;®4 coven. (5411)
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5.4 | Three Phage Faults

Under such fault conditiona,

\IF' = |Ig|. = lIb‘ = |I,} + and the negative sequence
component of current is 2610, »
The three relaying quantities given by eams. (5.1) will

therefore be equal, and having an amrlitude given by -

|Td/Tpl = |Ime/Ipl = |Tps/Ip] = X ceree (5412)

5.5 Double Phase/Earth Faults

A general double phase to earth fault condition is fspresented
in Fig.(5.14). 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
a8 shown in Fig.{5.1B). This case would, in fact, represent a
normal 5 phase load at points F , earthed throughAan impedance 2@
with one phase open cirouited, or a double phase/earth fault
(in the case shown a "b = o"/earth) through a fault impedance
ZF and an earthing impedance 2z . The conneotion of the
sequence notworks for the "b = ¢"/earth fhulf, is shown in
Fig.(B.aA), for & system with double in feeds V' and V%,

It should be noticed from the figure that the impedances
2'; and 2", depend on the earthing connections at the two

ends of the system, In the case of a transmission line they
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(B) Simplified Representation

FIG. (5.1) DOUBLE PHASE/EARTH FAULT.




deﬁend on the two transformer connections, and whether they are
directly earthed or earthed through e resistanoe; In other
words, the ratio of the zero sequence ourrents ‘I“°/I'o is .
governed by the impedance ratio of 2'g/Z", and in the first
place by the transformer connections at the line endg; A case
worth mentioning is when one of the transformer conneotions is in _
delta,‘i.e. with ﬁo‘pathsfor zgro~aequano§.6urrent. thqn_aifhﬁr'-
o “ar " will be zqig. The m}m#tame of such a ognaeqmnéi |
would be envisaged in relation o the phase shift between the « -
primary fault currents at the two ends, partioularly if the -
earthing is through a resistance at the other end. - |

" Ina totally inductive system, the zero sequence ogg;gnts N
I's and I"g would be in phase but differ in magnituda as the
inverse ratio of X'o/X", , The inolusion of a resistive partrr
in either 'Z!o or 2" would raaultrin a phase angle difference
between I'; and I%,, |

- This would in turn introduce the phase angle displacement
between the two primary ouwrrents, as stated aﬁove; Thid-daée
has heen mentioned also in Chapter 4, section (4.3.3) in
conneotion ﬁith summatian.burrent ﬁransformera. | |
The connection of the aaquenoa’networks,-ﬁig. (5.2A)a

could be fuﬁﬁhqr simplified as shown in Fig.(S.EB).-by assuning
thatiéhe two infeed voltages V! and V'%-are in phaae and of

equal magnitudes,
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This assumption implies the elimination of any load angle
" between the sources V' and V* y thus indirectly neglecting
the effect of the load current. This effect could be taken into

(9)

consideration by aupegimposing the effedt qf the load on the
‘fault ourrent and thus modifying the phase angle between the
primary currents.
The total effect of the load angle on the behaviour of phase
(22) h

comparison schemes was also analysed by Donaldson « However,

it was cdncluded(9>(22) that

it is only important to consider the
effect of load ocurrent for systems with resistive earthing and low
Q faotor. A minimum stability angle of 30 - 40° would be suitable

for most cases,

5e5:1 FPhase "b -~ o"/E Faults
For this fault condition I = O,

Referring to the connpdtiong of the sequence networks for

the reference phase "a®, in Fig., (5.2B), it followsi=

1 +K

Ia,‘l = Iy = Z":W : . sneee (5-13)
where
Zo Zo )
K = 'z-; W -

It is assumed that both the ﬁositive and negative sequence
'impadanbea are equal., This assumption is generally Justified for

transmission lines and tranaformera but not for rot#ting maohinsry
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which form a minor part of the total impedance of a power systeém,.

L2 K
Also, Iaz = Jg = = 'ET *1 + 2K eesee (5014)
' v 1 : .
.and . IaO = IO = "E‘;‘ ° T+ 2K . sesoe (5.15)

Substituting eqns. (5413, 14 and 15) in eqns. (5.1) for the

relaying quantities, it can be proved that :-

Img = MIg, + NI,
[

v (1 = a)K + 1

= ¥.g 77 cecie (5.16)
where
« = (W)
Similarly,

:l:m2 = MIB.! + NI-M

V «ok+a2 (1+K)
7T ——— eoves (5.17)

and
Iny = Mlgp + Nlg

v Ka =0) +a

= Negr e Tt X | | eeees

(5.185‘

Either Iy or ' I, oan be considered as the fault current
Ip. As far as the protective gear is concerned the ocurrent in
these two phases represents the fault ocurrent, The protective:

geaf, therefore, sees Ip as the ourrent in the asecondary cirouits
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of the C.T.s ét.each end. In the simplified case, in Fig. (5.28B),
with only one equivalent génsration V , the phasa current; Iy
(say) would be equal Ip. ”

From the symmetrical components relationship eqﬁa, (5.2 and 3)
would then be Ip = Ip + a® Iay + algy » and substituting for |
Io » Igy and Iy, from eqns. (5.13, 14 and 15), it follows:~

Ip = Iy = - -‘ZL—  —, /2 {/'3'+ 31+ 2K)} earee (5.19)

1 1 +2K° 2. S |

Initially it will be assumed, for the sake of simplieity, that
‘Z1 = Zgy= JX4  and the zero sequence impeﬁanca Zo = JXoo In -
practical cases 2, generally consists of a large resistive
component Ro and its -effect will be considered in a later stage
of the analysis in section (5.7), |

The above assumﬁtion. also, implies that the ratic K,
given as ,g,,?_ or -39- » 18 a scalar quantity,

1 2

When the effeot of Rp 1s_considered, K would normally be
a comp;gx quantity rather than a écalar one.>

Taking the case where K is a scalar quantity, the magnitude
of the relaying quantities, as given by eqns.,(5.1)ﬁ and‘expresaéd
as ratios of the fault current, éqn. (5.19), would be given
bys= |

1+ (1 = a)K |
|Im1/IFl = "/-1-;.' . (1++(K + ;Z)I/a scere (5.20)
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| N K(1+c:+ccz)+K(2+a.)+1 /a
|Te/T8 = /3 L (1 +K+x2)/2 . =
ceeee (5.21)

and similarly,

N {K(1+a+a)+K(2+a)+1La
|Im3/IF' - /3‘ (1+K+K2) /e

eoese (5.22)

The results obtained sbove could be better understood ffoﬁl
the symmetrical components vector diégram to show théir relative
phase displaceﬁent for the fault under consideration, For the
totally reactive system assuhed before with Ro = 0 and
%y = JX, s all the éeqnance component currents are in phase.
Referring to Fig., (5.34), it could be seen that (I, + I,) are
in antiphase with I, |

. The effect of different transformer comnections, 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 & case would result in different zero sequence currents
namely either I'y or I", will be zero at the delta comnected
side, 6.8, I"o. A% this end, (2), of the line the sequence
components vector relationship would be as shown in Fig.(5.3B).
The negative sequence current I is therefore equal and 180°
out of phase with respect to the positive sequehda component
Iﬂ

a1’ Under such & easé the choice of N=+1 for the

relaying quanfity I"m1 = MI"a2 +"KI“a‘ s imposes a criterion
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for M to be greatér than one.

It can be easily seen from Fig, (5.33) thaf,the relaying
quantities given by eqns. (5.1) would give equal magnitudes, for
end (2) under this fault condition,

In the general practical case of a system having,a‘consideréfle
resistive part in its zero sequence impedance, i.e. IRo = 0, & . |
phase shift between the sequence component currents will be
introduced. The sequence component eurrent, for the reference
‘phase “a: are then no longer in an‘biphaae.

The relationship. Iy =1, + Iy, + Iaa s Will be 8till valid
and therefore the vector diagram will be as shown in Tig. (5. 30).' '

The values of 1I,, , l,,,8nd I, are still as given by eqns,.

2o 2o :
(5,13, 14, and 15), but the ratio 78l 7o K would be a

-complex quantity, A complete analysis of this case follows.

later in section (5.7).

5.5.2 Phase "a = Y"/E and "o - a"/BE Faulta

Before persuing the analysis any further, it is halpful

at this ataga‘to draw the symmetrical components wvector K
relationships under such fault conditions. Fig. (5.3D) illustrates B
this relationship for, a8 previously aaaumed, a totally reaotive
systam (Ry = 0)s From Fig, (5.3D) it is seen that for

"e - DM/B fault I,, leads I,, by 60° and I, lags behind

I,, by e similar angle. For "o - a"/B feult I,, lags

at




ag.

ﬁehind I, by 60° and I, also leads I,, by 60°,

If the effect of the zero sequence resistance R, has %o
be considered, the consequence of modifying the phase angle
between the sequence components of phase "a" is shown in
Fig. (5.3B) for both "a -~ b"/E and "c - a"/E faults,

~ The detailed analysis of this case is also given later in
this chapter [ section (5.7)_7.
 Referring back to eqns. (5.1) for thé relaying quantities, -
and assuming a coﬁﬁletely reactive system, then for "e - v"/E |
fault it follows:=

I,, = MI,, + NI,

v N \
= 8 E;.yT'%‘é‘ﬁ'o"éf[(ZaK-i'K-l'?)—j/g(" +X) 7/

eerer (5.23)

m4

Pollowing the same aﬁgumeﬁt as before either I, or
Iy % |IF| » since the current in the faulty phases repreéent
the fault current as far as the protective gear.is concerned,
From the symmetrical compoﬁants,.eqns. (502 and 3), and
from the vector relationship for g = H"/E fault, Fig,.(5.3D),
1t.followa:~ |

Iy, = Ig+alg, +8%l, = Ip

= TvE L B T
weees  (5.24)




99, -

Therefore,

| 'Imn/IFI = ‘ Iﬁ;/Ij‘ivﬁ ~ | 1
- 1+ a+1) +R(2 + a) _7/’
3 W+k+xD)V2e

0‘;000 (5‘25) ’
and |

, | {1 ~a)K + 1 _ .
‘Im=/1F| = N, 75 (1 + K + 22)i/2 | I §5@25)

v
1

It oan be shown from the symmetry of the vectors in Fig.

- (5.3D), thet ideﬁtioal gxp'rasaipm;ror\ Ing s Ipg» end Ing |
are expected for the felayipg quantities undeﬁ: "o -‘a"/E fau1t¢'A
It is also worth pointing out that the three relaying quantities
have attained the two possible values under one fault condition |
which will.ba.attainad for any particular oné of them under.
different fault cdhditiona. This in fact has demonstrated the
principle that the chosen rela&ing quantitiesﬁéouid_ie‘eqﬁtvalont
in behaviour to choosing ona.relaying'and ccnaidering'ita iqluav o
under different fault aonditions 6r vioe versa, ’Ths‘syitem
“behaviour could then be studied by considering two relaying
quantities undervona fault ddndiﬁion‘aa shown in Table (5.1).
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5.6 Double Phase Faults (Not Involving Barth)

5661 Mb = o" Fault

For this fault condition,
Ig=0, Ip==I, = Ip

Substitutinggthese conditions in eqns. (5.1) for the
relaying quantities, it follows that =

_‘(1 + g2 - 2a)‘/a

Jtai/1p] = w = e (5.21)
Similarly, .)
L Ve S
: ‘Imz/IF‘ = lIms/IFl = N, (1 ""%"'G) XYXX (‘5028),

54642 2g,é‘b“ or "o - a" Faults

Considering the case of Ya = b" fault, then

Io=0, Iy=1Ipm =TIy

Substituting in eqns. (5.1) 1t-g1vég=-

. . S ¥/ _
| Ta/1p] = |1p/1p) = w *;.;ﬁ) L e (5.29)
and _
(1 + «® = 2a)‘/z
|1m/IF‘ = N, A o isens (5-.39)

As previously mentioned it could be seen that identical

expressions are obtained for the relaying guantities under
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"o « a" faults.

In féct the results obtained above show, as in Table (5¢1),
that two of the thgaé relaying quantities attain two possidle
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 analysié given above the zero-sequence impedance has
80 far been asauﬁed purely reactivé having a value J X5,
As a general case the zero-sequence impedance, in practice, is
conmposed of a large fesistive ﬁart R, and a comparatively small
reactive part JX, , i.e. in the form 2, = Rq + jXo .V‘This':
egsumption leads to the consequence that the ratio 20/21 is
a complex quantity rather than a'simple scaelar one, Since 24

is mostly reactive and equal to JX4 say, therefore,

Ro IXo Xo Ro
LU Al Tk b 71

= K= ,')k'l l seeee (5-31)
where Xo - Xo ' Ro Ro
: k = T ° %o and ki = % ° s

Considering different fault conditions, as previously
desoribed, and substituting eqn. (5.31) for 20/21 it

followe:-




102,

57.1 Phase "b = oc"/Earth Fault

v 1+ k = 3k ‘

Ia" = Iy = 7 s T+ ok = 23Ky esene (5032)
oL k=g |

Iaz = Ie - - zi 1] 1 * 2k - zjki B R X NN J (5‘33)

I = o « (5.34)

Q 29 * 1 + 2k - 23k treee e

Substituting these currents in eqns. (5.1), for the relaying

quantities, it can be proved thati~

X A
g %'1+2k~23k1[1+k(1-a)-jk‘(1-a)']

eveee (50355

I

where _

(¥/N)

a
Similarly,

N/2 :
Y
In, = -m.1+2k_%h[§m+(1+k+bkd

- ;j{aakq + (ke = /51!'/5)}-7
coses (5436)

. N/a
I /3]
nd In, = =g e T¥ k- gan Lokt (14 k-G )

- j{z&ki + (kq + /;k * /3 )}_7

coces (5437)

N\
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Following the same argument as before iay considering either
I, or Iy as the fault current Iy and substituting for the
symmetrical component currents eqns. (5,32; 33 and 34) it
follows:= |

I = L. = - v /?‘5./ 2

F b Z1 1+ 2k - 2]k

[( /? ) 21:1) + 3(1 + 21'!)_7 eso e (5.58)

Expressing the rélay:!.ng quantities as ratios of the fault

current it gives:-

l'Il /I l ==. Lé_“-"*‘ (1 = d)a(l{ha-{- ka) + 21(:(;[. "T:G)Ji/a
my/ -F /3-[1 + (k%".ki)i-(k-l-/ski) Jl/!

cesee (5.39)

Similarly,
N/ (4 a+ a®)(keP+ x2) +x(2 +a) = /3 ki + 1_7'"/",

| Zng/ I = B+ 1) 4kt SBiy) J7°

ceree (5.40)
and ‘v )
|Tas/15] = - LG +a+a®)es k) + k(2 +a) +/5 ok 41 7"

L+ (e x) + (x+ /3 kq) _7'/:'
ceese (5.41)

Comparing the expressions for I4 and I? when Ro i»s

neglected, eans. (5.1% and 14), with the oorr.elsbundiing one
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when Ry is considered eqns, (5.32 and 33), it could.be seen
that in the former case Ip is 180° out of phase with Iy, while
in the latter case the phase relation of Iz with respect to

I1 is given byt=

- ky -1 k -
6 = [‘ban ! ] + X -' tan -1.:.1.] sevee (5042)

‘Referring to Fig. (5.30) and comparing eqns. (5.13) and (5.34), for
Iy, it could be seen that I, in the second case is 1eadiﬁg by

an angle given by:=

s | €
w = 'ba,n 1 + 2k dooan (5‘43)

 Also from the vector relationships, Fig. (5.3D), it oan be
aﬁown that under thése fault conditions, Iny would give,

(for positive values of N), a relaying quantity larger than that
of Img because Ig, is lagging the 180° position byuan angle © ;

5¢7+2 Phase "a ~ b"/Earth and "¢ = a"/Earth Fanlts

For the "a = b"/BE fault conditions Io =0, Is or Ip
would represent the fault eﬁrrent as far as the protective gear
is concerned,

The symmetrical component currents of phase "o are given

by eqns, (5.32. 33 and 34) namelysw
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r g L Atk=go
c1 T M1 T TV T £ 2k - 23Ky
. A _k = jky , :
Ieg = 12 = -1 *W2k = 23ky seeve (5044)
1

Z1 ° 1 + 2k = 23kq

The vector relationship of Io, » I, and I, is shown in
Fig, (5.3E). |
Sﬁbatituting eqns. (5.44) in eqns. (5.1) for the relaying

quantities it follows:i- ' . .
Im‘ = B«(MIQ_z*NIb‘) ‘ e0ene (5045)

Ban. (5.45) gives in fact a relaying quentity baving a
magnitude equal to that of Iy  under "b - o"/E fault, given
by eqn. (5.37), and has a phase shift of 120°,

Therefore,
- N
-V /2
Imy = & Ty °* T+ 2k - 27k

L20k + (1 # k= [Fky) = 3{ 2ake + (x + Bk + /3) } T
veren (5.46)

The fault current is taken as Iy = ;F » and by substituting eqns,

(5.44), for the component currents; it can hgiéhﬁvn“that ta
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‘Ib = IF = IO + a I°1l+ gchz

- 1/ o
%"i +‘21c2- 23ky L- 3"‘2/371!1 +3/3 (1 +2x) 7

;60{0 (5047)

Expressing the relsying quantities, eqns. (5.1), as ratios

of the fault current Ip it glves:=-

N/ + a4 a’)(kﬁ-:- k?) + k(a + 2) + /3 aky + 1_7‘-/' ‘
3 [+ ks k;a+ k - /3 k4 _.717*

dsees '(5048)

] -

Following a similar way, the two other relaying' quantities gives~ .

NS () e ) + 2% (1 ,f,;@_,,jv ‘

V\Img/IEJ - /-3.[1 + (k-’+ k-l’) + (k -ﬁ.\kj) _71/1

and

ceves . (5,49)

| LAY LG ra s et e 4k s a) = Fae vt 700
. ms VF_ /-3-[1 o+ (k‘3+-k2) + (k u/g k;) J‘/g

| | cerie (5.50)

From these general expressions (5.48, 49 and 50), it is easily
seen that the relaying quantities for the easeof a totally ‘
reactive system, i,e. Ro = O , can be oB'ba:med by put‘bipg ks "‘30*‘;
The previously im"es'bigated cases, sections (5.5) and (5.6) for

reactive systems would represent a fapaoia».l case of the general
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cagse treated in this section,.

For the .ﬁ'as_e of "¢ - a*/B faults=

Ip=0, Iy or I, would represent Ip as seen ﬁy“tha :
protective gear. The symmetrieal« component’ cﬁ:renfa, Tpy » | Iy,
and - I, » of the healthy ‘phaée are giveﬁ by eqﬁs. (5.44) and h
their vector relationship is as shown in Fig. (5.33); |

~ The relaying quantities, under such a fault condition, would
glve the- following aipx‘esaions when expressed as ‘ra‘tioa‘ of_fh.é |

faﬁl‘b current In 3=

' . X [(k""' k) (1 +a +a’) + k(2 + a) = /3 aki + 1 .:7‘/:" .

‘Ims/IF‘ = 0T — . . , |
. ‘_5[‘*k1’+'ki'+1c-/§k,_7/:w

| | ieees (5o51)

Si:g:l.larly,

J Zua/Tp) =

.' 3[(1‘;'3+ ") (1 + + a?) + k(2 +a) + /3-‘40:]_:1 + 1 _7'/' :

~'fa

BA+rt+xrx=x [

ssoee .(5052) -
énd : : | ,‘ | :17“ : .
N [‘l + (1 = a)®Ce k"), + 2x(1 .,;““);._7
B+ +x®) +x=/3 kf‘]"/'

‘im;/:F‘ =
(5.53)‘

Eqn. (5.53),‘ could be'aegn to be equal to that of
Im’/IF fora"‘ b/E fault' ioe; egn. (5049) n- a

!
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5.8 E:feot of Varying M ;n Magnitude and N in Sggg
on the Relaying Quantities

'The relayinquuantitiea Iﬁ,, Ing, and Ims -e:préaaed'ai

t

fractions of the fault eurrent, under different faﬁlt conditiona,
~ were discussed in dgtail in the previous aection. In order to gat |
& better-un&eratanding of the behaviour of these-quantitiea for -
: differant powor aystema, it wes necessary to calculate their |
‘valuea for praotical casel. ‘ ‘ | . |
- In this section the effect of the ratio "a" = (E/N), on
the nagnitude ot the relaying quantity will ba evaluatud for
different rault conditions on the povwer system,
Generally epoaking N, the coefficient of the poaitive
sequence component, will be taken either (+ 1 or = 1) and
the ratio "a" would vary over a wide, but practical, range of
valueh. ' k
The value of the relaying quantitiea taken as a variable,
a:presaed in the form of |In/Ip| /y would be evaluated
against L I

5.8.1. Single Phase to Barth Faulta

The expressions obtained before for the relaying quantities’

under such fault conditions are given below:i=
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Relaying Single phase/Earth. fault
Quantity — | ‘
a/E ] bWE. . o/B
< 1 |my/T8| (1 +a) (1 +a® )2 |(1 + a%= a)"/2
l”ﬁ}~w. " 3 5 3
'Img/IF' (1 + o’ a)i/’ (1 + o= a)‘/z (1_+ a)
N 3 N R
{ 'Im,/ifl “(1 + o?- a)1/a | (1 + a), (1 # qf—.a)‘/?

TABLE (5.1)

‘Fig;;(5.44) gives the variations‘of these relaying quantities
undef Euﬁﬁ fault cép@itions for values of a varying from : 2
to %16, Such a wide range of values, larger than wﬁaf is
required in practice, was only considered for the sake of
illustration.

Table (5.1), in fact, comprises only two expressions,

namely

2 2
Exp,{(1) = 1_§;g_ and  EBxp.(2) = (1 + “3 = a)

Bxpressions (1) and (2) give the magnitude of the relaying
quantities, for values of N'= ks 1 » expressed as a rafio of the

fault current.




EXP, (1)= &f<
BXP 3L
EXP.‘(2)=(l+,§ =

B (3)=(1x s /2

(4) Single
(B) Double

1 1 F 1L i §

12

- Phase .to BEarth PFaults
Phase Faults

wim 83

nmmmﬁamﬂ%’.‘v-@

e
1 ! SN 1 ; ) L

6 2

PIG. (5.4) BVALUATION

1o .

- beertn
£ §<l 1)

OF RELAYING QUANTITIES.
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From Fig, (5.44), it can be seen that exps. (1) and (2) hsve

linear relation with “a". Bxp. (1) gives higher outputs +than

exp. (2) for positive values of "g", while exp. (2) gives higher

output for negative "a",

5.8.2 Xor Double FPhase Faults (Not: Involving Earth2

The expressions for the relaying quantities previbusly

abtained in section (5.6) could be summarised as in Table (5,2):-

Phase to phase faults (not involving Earth)

“b - c" .

g « " or "o -~ a"

[one/18] (1 4 a” +ia) /s (1 o - o)/
L 5 5
LWL ratea)/e (1 46+ a2
3 | /5 75
TABIE (5.2)

Fig. (5.48) gives the evaluation of the velaying quantitvies

under such fanlts for values of "g" varying from Yo 0 fie,

This range would be generally greater than any choice suitable

for practical applications.'
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Teble (5,2) contains, in fact, only two expressions for all
1
possible double phase faults, namely Exp. (3) = (1_+ “ *_.) /2

(1 +a® - 20)%/2 I
/5 | . : N '

and Bxp. (4) =

Fig. (5.4B) gives the magnitude of the relaying qnantitiea N
evaluates, for N = + 14 expresses as ratios of the fault current.~ |
Both Bxps. (3) and (4) give linaar characteristics against nan,

‘Exp. (3) gives higher output than Exp, (4) for positive values
of "a" ,-while expression (4) gives the higher valuss with g being

negat}ve;

*-5.8;3 Double go/Barth Faults
Tﬁe énalysia of such fault conditions, previously described
;ngaeo£iona-(5;3§=aﬁ§:(5§7). was conducted on 2 stages. In the
fifat”part only a totally reaotive system was considered with the
assumptions that 24 = 22 = 3x1 y the zero sequence impedanoe
3Xo JXo -

Zy = JXo 4 and vhere K = T - e *

The expressions obtained for evaluating the relaying

quantitias; under such fault conditions, could be summarised

- a8 shown in the following tables-
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Double Phase/Esrth faults

" Relaying
Quantity

b= ofs

8 - b/E_orfq - B/E

Pa/lel | 14 (- [(t+ata® K4k (240). T2
R R 31 +x+x2)/2 /3 (1 ek+x) 72

| lIma/Irl o [ e(1eara®)KoK(24a) P2 | 14 '('1?1-."‘&)1.;_'
/_ (1 +x+x3)V2 /3 (1 K #K )1(,

'In,/ Irl 5"'(1*'“4'« )X +K(2+a)_7 e ﬂ‘lmm')x%x(aﬁ)ﬂa
IR AT N /3 (1 +x4+x%)2

TABLE (5,3)

Figs.‘,(s).s an"dl 6) :I,llustrafa the varia'biop of these relaying
quaixti’cioa ¢ Undey the fault conditions oomide:jed here, with reapect
to "a varying from £ 2 to ¥ 16; and for different values of
“K" from 0,1 to 16, |

Table (5.3) compri?ea, in fact, only two expressions Mly

Exp, (5) = .1 + (1 - ok ' and
/51 +K+x%) /¢

E+(1+a+a‘)x+x(a+a)_7 /s
' /-(1+K+K)‘/= '

BExp., (6) =

Pigs. (5.5 and 6) give magnitude of the releying quantities,

for N = ¥ 1 , expressed as a fraction of the fault currént Ip;




FIG. (5.5) EVALUATION OF RELAYING QUANTITIES.
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It can also ba seen that the genaral trend is s bigger :
output as "a" increases, bdut it should be noticed that for positive
values of "a" Exp. (4) passes through zero, for values of
K < 1.0, For negative values of "q" expression (5) does not
change its sign, i.e. does not become zero for any value of K
from 0.4 to 16, From Fig. (5.6) it can be seen that the relaying
quantity as given by expression (6) does not change sign nor dces
it pass zero for positiva and negative valueg.of<“d" and over
the whole range of K from 0.1 to 16, |

The second stage of the analyaiu, of the genaral case of
section (5.7), !ollowad the special case mentioned above and an
analysis of a aystam having Zp = Ro + JXo was conaidered with

the assumptions,

3 _
k = '%%3 = 3%% ’ and ky = ';% lléEE.

. The expressions for the evaluation‘of relaying quantities under
-different double phase to earth conditions, are shown in

Table (5.4) belowi=




K=ig
D e =y K=i®
(w16}
K=%0
i s iK=10]
Dl / {K:Ssqf-
i =2
‘ k=2}
0L
| K=H
o K= 10}
0 .
K=05
{K=05}
b'o- S d
0 4 K=0-2
=02}
K=0-1
0 .
(K=o}
- o
e B e - _--—p
0 } 1 } i } ! } 1 } A - n . | ot
2.0 4.0 6.0 8.0 10-6 12:0 4.0 6.0

Double Phase/Earth Fault (EXP., VI)
F1G. (5.6) EVALUATION OF RELAYING QUANTITIES.
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_ Double Phase/Earth faults
- Relaying _ 1. B . . : .
o Quantity . " - o"/E g '__'bn/E "o - a"/E
Tg,/I
'm; il Exp. (VII) - Bxp, (XI) Bxp. (IX)
L‘iz../.:f.?l Exp., (VIII) Bxp. (XII) Exp. (XI)
N
I ) ﬁ
—-l--i'-‘-ﬁ-/-]-:-‘-'l- Exp. (X) Exp. (IX) Exp, (XII)
TABLE (5.4)

“(viD) [T+ - a)?(Kiﬂ‘_’_ k%) + 2(1 = @)K _71/2
where ._Ev:p'. YI == TB/T+ (i + KK . ) _74/5

[0+ (1 +a+a®)(RePe K2)4(2 + «)K = /3 K‘dJE
7;5 + K+ E)HE + [5K40) T /2 |

 Exp. (VIII) =

() - SrlrasraEErK (2’29_)11- fang”
E‘p. Iz “ | </3-E+(K12+Ka)+(;{..f'3'x1) Vi

| L+ +a+a®)®E+E) + (2 +.cx)K-§- /5 amJ‘/z |
Exp. (X) = /5_21- N (K1!+ Ka) (K + 51{1)-_71/2 '

O+ ta+ m')(kq’*-, K®) + (2 + )R+ /?ql{,j’_lﬁ
Exp. (XI) = =— AT T s BT
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S =) ®E L D) + 201 - ) 7Y
75 [+ ots 5004(k - /3 k0 77n

Exp. (XII) =

The previous analysis has shown th;t a relaying quantity having
a negative "g" is preférable. For this reason the evaluation of |
Exps. (VII) to (XII) inclusive was carried out for only negative
values of "gq%, varying from =2 to = 16, but a representative selection
_of curves only for the case 0f « = ~6 are illustrated in this
section, This particular case was also recommended by othﬁr
authors(a)(g).

Fig. (5.7) shows the variation of the relaying quantity given |
by Exps. (VIIT and 'xn). of Taﬁie_ (5.4), for velues of ki = o/ |
from O.1 to 16 keeping the value of k = dxo/jx, constant at 0.5,
1.0, 2,0, and 3,0 respectively. Thé-dhosan'rangé of values would
generally cover many'practihal cases. _

o Figs. (5.8 and 9)‘sive,also’the variation of Exps. (VII, XI)
and (IX, X) respectively, for the range of ki and k as that
chosen fqr.Fis. (5.7,

From the oﬁ#vcs in Figs, (5.8 and 5.9) 1% can be seen that
each rplaying quantity passes through a range of values dhponding
on the type of fault., The guantity Img ‘givaa higher relaying
outputs for the case of "o = a"/BE fault, while In, gives its
highest value for an "a = b"/B fault and Ip; for Mg = a"/m
fnﬁlt. |

The general(trand of the magnitudes of the relaying quaﬁtitiaa
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is that the different output levels attained under various fanlt
'oohditiona approaches each other as ky increaaess F@r a partioular
system having certain specific parameters, the differeﬁce in
magnitudes of the relaying quantity, under different double phase/
earth faults, would tend to be smaller if k,;; Re0.

In other words, the variation in the magnitude of any relaying
~quantity decreases as -k increases.

‘The wide range chosen for ki = R°/x1 would cover cases of
fault where the resistance of the earth path, or the aio resiatance,
would vary from one fault to another. Thus for a certain system
Saving a particular ki, nay-b§ taken as variable, while k 1is
more or less fixed by the transmission lines and other systenm

parahstersa

5.9 Comolusions |

This chapter was devoted completely to a detalled analysis
of the combination oflsequanne currents foxr phasé angle
representation. Remarks and conclusions are gsnarally mentioned ' .
with each section in their appropriate places. However, general
conolusions can be reached for the ohosen relaying quantities.
Undexr asingle phase to eaith faults, and by proper ohoicé of
elther In, s Ip, s Or Ipy of eqns, (5.1), such a fault
would appear, as a fault to earth on another phases This has

been demonstrated in seotion (5.8).
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The method of selecting different relaying guantities would
also result in the relaying quantity having an output level
corresponding to a fault on the reference phaée.

Such a consequence could prove to be useful in(spme special
applicatipns. One of these cases is that of double circuit
.traﬁsmission 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 be more prone to
lightning strokes than the other two. The combimation of the
relaying quantity could then be modified to suit such a condition
to give higher outputs, thus increasing the sensitivity of this
pagticula:<phas§.

A general rule could not he e#aily drawn because the magnitude
of the relaying quantities could be higher or lowér depending on
"g" being positive or negative, section (5.8).

Another case where these reiaying quantitiaa combinations
are useful is when different insulation levels on the phases ia
practiced. By lowering the insulation level on one phase
condugtor. 1t would be more vulnerable to lightning strokes and
flash overs than ‘the other two., Advantage of different phase
combinations for fhs relaying quantity cen also be taken here
to 1ncraése the sensitivity.

In fact, the idea behind the analysie of the different
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relaying quantitiés Im, . Imz"and Ins was only to demonstrate
the benefits of utilising the:symmatry between sequence component
currents of é 3-phase system, Higher relayipg outputs could bhe
obtained, by proper selection, and thus increasing sengitivity-for
any perticular type of fault.

From Figs. (5.4, 5 and 6), it can be seen that the higher
the value of "a", i.e. the greater the proportion of the negative
sequence component in the relaying quantity, the higher becomes
the ratio lIm/I?. » This conclusion ié true in cases of single
phase to earth or double phase faults (not involving earth) for all
négative values of "a"., For ﬁéaitive values of "a" and K << 1,0
the case is not 80, as |Ip/Ip| passes through zero and changes
ite sign. A relaying quantity which passes through such a "blind
spot" should be avoided and therefore only negative values of "g"
are recommanded. |

The effect of different tranaformer connections at the two
ends of the line has been considered in section (5,5, 1)s The
choice of N = + 1 in thﬂ relaying expressions imposes a
limitation on the valus of "M" to be graater than one, when the
transformer oonneotions &t one end does net sllow any z6ro phase
sequence ourrent to flow.

The effect of the ze£0-aequence resistance Ry 1is discussed
in detail in iadtionl(S.T). -The oasaa'repreaented give more

(9)

practical conditions than those obtained by rrevious 1gvestigatorl;

L
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and aiso the evaluatioﬁ of the three chosen relayiﬁg-quantitiea
covers & wider‘rangé_of System parameters,

For further developmént,\sufficient generality would be achieved
by considering the éase of a double circuif teed feedethavingfring’f ',
generations at thé three ends. This problem is better tackled |
by the help of a digital computer, in order to determine the
relaying~quantitieé under different fault conditions. The effect h“.
of mutual impedances, in the case of-paralléi circuifs, on the‘zero;
saQuapcelimpedances may be also included. Shgnt faulta aaAwéil as
series faults can then be considered and even some simultangoua
faults, e.g8. double earfh faults; would provide z wide range of
studies, A moving feault on the double circult lines would also be
a probability 0 be envisaged, " |

It is felt that such s rigorous anslysis of relaying quantities
might prove easier to be tackled in primary phase quantities, and
not by phase séquence compohsnts. The simple analysis carripd
out in this chapter using aequenca'QOEPOthis has proved to be
lengthy, and a computer would be most suitablé for further B

investigations.
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CHAPTER 6

SEQUENCE COMPONENTS SEGREGATING NETWORKS
 FOR_EXTRACTING RELAYING QUANTITIES

. 6;1l Introduction '
Generallj speaking sequence component currehté‘br volt?ges; hﬁvq
1ong‘beeh usedvinvproteetion of power systems(ao)(27)(28);_ In-thié, H,-
chapter some types of segregating networks have been developed‘
and tested, and a complste analysis has alao_bean'descgibéd: These
*circuifs,are in geﬁéralp sﬁitable for voltage sbtrﬁés;.such as
ioltage transformers and in particular irénlessacoreAcngs (11ﬁeaf
‘couplers). J | |
The segregating networks jroauce signals which are used,
in the scheme developed heré, as ralayiﬁg.qnaﬁfitiea. These gignals
are:- | | |
(a); The positive séquence component of the fault current
which is required as & fault detecting, orjatarting, |
signal, This quantity detects the presence of p§1y-pha§a
faults,

(v) The zero sequence component of the fault current, which

| aoté algo as aAafarting éigngl, to defact_mainiy gingle
phase to earth faultsland any othgr typeé»of\fauit
involiing earth, Series faults may also be detected

by this quantity.
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(e) A combinétion of the positive and the negative'sequencé '
components of the fault ourrent,.at each end of the
protected feeder, %o repfesent the phase angle, as -

explained earlier in Chapter‘(5)y

Thé 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 Baslc Vectorial Approagg

It can be easily proved, in the absence of the zero sequence |
component, that the Positive sequenoe component of a particular
vector of an unbalanced 3 phasa Byatem, is given correotly both
~in magnitude and in phase by adding to the vector conoerned£its
_ succaeding one advanced by 60° and then advanoing the reaultant,
divided by /'5 ) by & further 30°,

There is also a oorresponding mathod for obtaining the
negative sequence component of this vector(aa)

The general equations for the sequence componahszOf anV"

unbalanged 3 phase voliagesareie

Vo = Y3 (Vy + Vg + V)
Vg, = /s (Vg + Vg + a%v,) | cenes  (641)
Vap = /3 (g + afVg +a Vo)

where Vh ’ Vgl,and Vo are the 3 phaée voltages,'suffix 1
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denotes positive sequence and é tﬁe negative Sequence component,

In fhe absence of the zero sequence Qomponanty
Va+Vg+Vy = 0, and therefore Vg = = (V) + V)., Substituting
for VC in eqn. (6,1), the positive sequence component ‘Vﬁ, bf

vector V, d4s therefore given bys=

Vs [V (1 =a®) 48y (1 -a)7

. oy VA- aﬁvB .. |
= l‘fs.“'g"[_wm/i_*wj oreen (602)
?

Bqn., (6.2) is, in fact, the expression of the verbal statement
made earlier in this section. Similarly, for the negafive sequence

component

1 =8

vaz = /... [. e VB J O‘O'!“Q (6.3)

The vectorial operational instructions given in equs,

(6,2 and 3) can be performed electrically and & large number of
circuits have been devised for this puipose(ze)(g7)§28)(29)(30),
The required phase shifts are, of'course, provided by

resistive elements in conjunction with reactive components,
Edther capacitive or inductivé-reactancea can, in prinéiple, be
used but, in practice there are good reasons for uaing one or

the other, As a broad general statement, capacitors are preferred

in voltage segregating civcuits and inductors in ourrent cirouits.,
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Voltage segregating networks are usually of a relatively
high impedance type, in order to keep the power dissipated in the
cirouit elements as low as possible, For this type capacitors
are most suitable. In current sag:egating’circuits where larger
currents have to be handled, inductors are préferred.

‘Ironless-core C,T.s or linear couplers, as applied with the
developed protective scheme, produce 3 phase vdltage outputsAand
therefore their sequence components are given by eqns.f(6,1),
where V, , Vg, &and Vg are proportional to the primary currents.‘
Iy s Ip,and Iy respectively. |

| Voltage seg&egating circuits have been dévéloﬁed and aﬁ

'analysis of their behaviour is given in this Chapter,

6+2 Anslysis of a-Volﬁage Segregating Network
Referring to the network in Fig. (6.1A) and considering

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

VB = IR R L d II-I le . r e en (6.4)

- and

I = IZ+IR
where 2y is the total load reflected impedance aorocss the
primary of the output traﬁsformsr 'TQ', I7, is the load current
referred to the primary of To s Fig. (6,1B) gives the complete

circuit given for a 3 phase unbalanced system Vp , Vp,and Vg,
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It is ass;med? initially, that the zero sequence componént~is
abgent. Its.presence wil; be introduced in a 1atér étage in
the analysis in section (6.2.6). ' _
If the impedances R and Z; are chosen to be eéual in
magnitude, but differ in phase angle by ~60°; i.e. Z = - aR.
Now Zc can be ellminated from eqns, (6;4) and sﬁbstituting

the values obtained for V, and VB Ain eqn. (603)9 it follows:~-

v, - 1_7-;_&['8“*’ ST 69)

v ey e l®lmm (e eWa Ly L (e

25 /3
Thercircuit“ehown in Pig. (6.1) isp in_fact a negative sequence
voltag§“s§éregating cirocuit., The correspoﬁding positi%a sequence
circuif.is;obtained by'interchanging‘tha'reﬁistive‘and‘ﬁapacitiva
impedances R ‘and 2g »
| In a similar manner to that described for the negative
sequenoe cirouit, it can be shown by substitutlng in eqn, (6.2)
that the positive sequence component is given by.-

. 1 - a? (1 - a?) + Bz
=

E a4 /.3. l. ILZL [ /.S. ; so Qi't

(6.7)

6:2.1 - Design Considerations and Calibration

The'rglatibhxbetween the negative sequence segregating

cirouit elements, as stated before, is %g = = &R, for the
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circui'b‘illustrated i.n Fig. (6.14),

This relationship definss avﬁoo‘qapécifivé impedance, I%
may be composed'eithef'of a seriea'resist;vgfcapacitive combination
or a parallel one. Where these ﬁwo arrangements differ is in
thelr frequency'arrOr behaviour at frqugncies different frpm the
normal frequency of the system and*the parallel combination has
‘proved to have smaller frequency error5(3o)o A |

The 1ogica1p§ocedure in designing such ;:3 phase negative
sequence segregating circuit as in Fig. (6.1B) is to caloulate
the approximate values of the components for a certain ﬁaximum
permissiblb power diasipatioh. The components could be adjuated"
separately to the calculated values using bridge measurements'or
the like. Altermatively, in a more ﬁractical and precise way,
final adjustment of the pre-settings is achieved experimentally,
by employing a genuine balanced 3 phase vbltage~aupp1y, The method
is base§ on applying é completely balanced 3 phase positive
sequence voltage sﬁppl& to the negative sequence segregating
network, The output of the segregating circuit under éunh
conditions would idealiy be zero., Consequently thp procedure for
adjustment is simply to trim either the resistance element R or '
the capacitive impedance branch 2Zg or both until a zero output
reading is obtained., The sequence network acts now s its own
nil indicator,

This simple and practical method has the advantage that
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stray capacitances a‘nd leakage resistances are included in the

final adjustment, and accumulative errors, which would arise from

individual measurement of elements separately, are avoided. The

correct ad;fusfment is therefore eégily 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" ,

Fig. (6.14), and for a power dissipation of about 10 watts, with

input voltages V4, = Vg = Vg = 120 V., The corresponding

| calculated values for R and Z, , assuming the load impedance

Z], to be zero, are about 2750 ohme for R and 3%, is nade of

C = 1.0 pF in parallel with a resistance R! ™ 5500 ohms, |
‘These design values have, in faot, taken into consideration

the case of maximum power dissipation and if the load :lmp,e:iénca

zi' is different from zero, the power dissipation will conuq;ontly

be reduced.

6.2,2 Conditions foxr Ha:;ﬁum Output into the lLioad
Referring to Fig. (6.14) whioh represent one branch in the

negatiie sequence segregating circuit, Fig, (6.1 B), and applying

superposition theorem it glves:=
IL = I'z + I'R ‘ eoioo‘. (6-8)

where I and.f‘!}!;'al are the currents in 2y, vwhen Vg and V,
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are short-bircuited, each in turn, respectively. Vj and Vg
are assumed to have zero source impedances.
Hence Vpo R + Vpo 7

I = wenpe (609
L 2o+ ZpR + 212, o )

. Substituting Z, = - 8R , in eqn, {6.9) it follows:-
{7y ~avp)

-a.21/ (1 -‘aa) + R/21, ]

‘ II' = ;topo (6.10)

Substituting again ean. (6.5) in eqn. (6.10) it gives:~

(1-&) ..*‘-—"- ~ 8 o 2113 [(1 g Be) + R/ZL _7

s

Prom which the voltage Vi, » Fig. (6.1A), can be obtained:-

o /3 /3
Iy o2 =V = a Vg0 ¢ :
LfL = Telo = & 82" (1-a2) * (1-a2) + B/ZL,

If E&; is expressed in a general form by,

e

%-L = || . ¢’
thgréfofep
1
Vorol = Vap 1 TG0y
IR T
"Hénoe |

1

| lvo'ol = 'vaa"° Ral

+ o+ ek
3121 /3 |2

cos (6 +.30)_7 Ve
oeses (6.11)

1
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The VA output of the eircuit into the load is given by
" ]1g|%. 25| and by substitution from eqn. (6.11), then
The VA output = |V .ol ®/ |25

' 2
_ | Yol .
"~ |Zg) + R%/3]Z1] + 2R cos (6 + 30) -
| ceees (6412)

Eqn-.(6°12)_contains two.variéblea naﬁely the magnitude qf
IZL| and its angle "e", | |
, For ) certain value of negative séquence §omponent | 2{ ’
the maximum valuewof VA is obtalned when "“o" attains axn
optimnm value of 600'; i.e. 2y represents én indﬁctiﬁqlload
for maximum VA output, _ ,
If the reflected load impedance. 21, o Figo (6 1A). is a pure
r951stance igeg 0 = O, such cases are generally favou;ad in
protective gear, then the optimum magnitude of |Z;| ocould be
obtainedfif.eqnu (6412) is differentiatod Worst. |2yl as a

variable and then equating the differential %o zero,

a [ VAJ 2|Vas| L1 - RY/3 12| 7
a[zL] [z + & /517 + 21-’1/,/‘_7il

from which, for max. VA ,

lul - %3 e 6
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Bgn. (6w13)'gives the matching load impedance fof the
negat;v§‘§equence segregating network of Fig, (6013);.

455; megnitude of the reflected load impedance ZL is.
controlied by fhe.turns ratio of the'outpﬁt transformers” TA ?t‘
Tg » and Ty » as will be éxplained in secfion (65204),Jand fhen;
Z'y, ocould be.a?ranged to mateh  |Zp)| = Ry /3 on the.§rimary_c

side;

6.233’ Impedance Presented to Supply Source
‘The circuit'shqwn iﬁ-Figo (SsiB) presents on the gupbly.‘

an impedaﬁée per phase-yhich is given by the following extremes:= |

‘(a) The reflected 1ogd‘impedance“ZL is zerou~ Under such
a condition the magnitude of the}impedgnce"Zih,presanted
by the oirouit to the source is given by: '

2, - R . :
o .
Zin = Zo + R ¢ Bubaﬁitu#ing ZO = = aRk thenp

A , .
Gp = 75 L300
hence,:

| "Ziﬁ' . =

veoeee (6014)
8.0, . o

Siks

(b) The load impedance ‘%7, ‘tends to infinity, This
extrene case is equivalent o an open circuit on the

secondary of the outpuf transformer, Figo (6913), 1,é¢_zﬁ+¥oa-
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Since the impedances of all the three branches are equal,
‘l.e. Zpp = Zbc = GGA ¢ then the impedance per ﬁhase presented .
by'the celrouit to its supplies is :w

- ZAB R + Z¢ :
2in = 3 = 3 p 1f Zc = = aR  then,

| 24n] = 7 =307 : veens (6415)

Comparing eqns. (6,14 and 15). it can be seen that -
lzinl _ 5~:l§1n' s The result obitained is considerad_
fortuitiéus due: to! the ‘aymmetry of the network on & 3 phase basia,
and to the fact that = seriea combination of Z, and R is
equal to their parallel_qquivalent for the condition chosen of
Z, = - &R, .

6.2.4 The Effect of the lLoad Impedance
Eqn, (6.6) gives the expression for the output of the

circult, shown in Fig. (6.13), 53 S

1-at (1 = &%) + ¥z,

e =T cLh LT 7

It 1s olear that the product (Ip. 21) is simply the voltage
Vot aoroes the load impedaneé, referred to the primary aide
of the output transformer, ‘

If this impedance 2y » which iam detérminedABy 2'y, and
the transformer turns ratio, is auffioiegﬁly high, thenfthe
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ratio R/ZL may be neglected in ean. (6.6), and the output

expression can then be reduced to :=

~n (1 =2a%)¢

Vat — ‘ /.3. [ Vano cocse (6016)

The, output voltage V is therefore directly equal to

alo 2
(1 - a2)
the negative sequence component, since the term /3 has
a unity nmagnitude,
On the other hand if the load impedance 32y dis very sﬁall,
or it is arranged to be so by controlling the turns ratio of the

output transformer, 1.6, if Z; << R then ,

1'-=a2 Iy R
a ,vae' "'I'l""" eecve (6317)

Ei?régéion (6017) shows, that the current in the load
impadancé- 2y, is proportional to the negative sequence voitaga
component and the constant of proportiomality is a fized faotor
glven By ‘EK/E‘G This constant is a circuit parameter and doeas
not depend on the load impedance Zy , provided it-is small, as
assumed e#rlier. |

Generally, if 2y is not amall compared to the ocirecult
parameter R , then the voltage Vg1, will be expressed in a
complex form having a mégnitude less than unity compared to Va.¢
This can be further explained by considering the phase

relationship of the output voltage V41, wWor.t. the applied
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voltages.,

Eqn, (6;6) can be re-written as followss—

(1 = a® +.3/ZL |

a?;a = Vegoe[ /g [

/3
avece (6018)
As mentioned earlier if R/ZL~<$<; 1 and can be neglected therefore,

(1 - az)z

& Vap = Vero ~ 3 = Va1 /60" 60°

or vego = - a,a v&g f e vez P coaes (6919)

where . Vo, 1is the negative sequence component #olﬁagp of
Voo _
- Similarly it can be shown that in Fig. (6.1B)

VBQO = !‘Vbz and VA,O o= ‘-'vaa o.eo; (6020)

In the case where the load impedance ZL » Toferred %o fhe
* primary of the output transformer, ié 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:éppropriata choice of the
turns ratio of the output transformers T, , éB » and Ty

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 Z; on the ‘transformer primary ﬁill be reduced by
1/y2 o where "N" is the transformation ratio, For this case
of a step-down transformer "N® is bigger than unity, hence if
1 /Ng is made small anﬁugh that Zi, << R then, the output
voltage Vi, tiil ‘be given by eqn, (6.17).

As mentioned eé.rlier in section (6.2.,2) s the turns ratio
can be chosen to reflect on the primary of the oubput tranafoxﬁ&r
an impedance Zj which is given by eqn. (6.13) for max. VA
output,

It can be 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. (6,1B)., This fosture offers flexibility in deéign, where
the only controllatle cirouit parameter to meet different loading
conditions, would be the choice of the appropriate output
transformer,

The analysis given before was carriad*out for the negative
aequence’voltags segrogating circuit; but as mentioned in
section (6.2), & similar analysis can be obtained for the
corresponding positive mseguence segregating ciroult by.inter-
changing the branches 2 and R ,. The output expression for
such ocircuit is given in eqn. (6.7), |
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6;2.5' Frequency Respohse

All Symﬁétrical componenté segregating networks are pre-
adjﬁsted_féeéﬁén&yfaensitive devicess; The departure of fra@u#ncy
from the nbrmél syﬁtem‘frequengyp or the calibrating one ui}l
aligyﬁ?éaﬁae én error; In praétiéeg the frequency deviations
on the Britiéh_@tid System is generally small and departures of
the order + 2%‘ to « 6% are rather unusual nowadaya; |

Thé outpﬁt of any symmetrical componeﬁt segreg&ting network,
at nofﬁal system frequency, would resbond only to one tyﬁe of
aequenoalédhﬁsnén%, 8., the positive or the negative; ‘Whereas
at ot%er‘fpequencies both sequence components play a part, l.e.
both ﬁfé_ﬁieaqnt invfhe output'of the segregating cireuit,

Wﬁeplqumtreguﬁncy of the supply applied %o a sééregafing
oircuit of the type discussed in section (6,2), is different
from tyg qgrmal frequanoyg the’impedanca of the capacitive
brandh‘ %o would suffer chapges both in magnitude and in phase,
As & cénaeqnenneaﬁf this, the simple relation given by Zg = =~ aR

will no longer hold true and a modified form must be used.

The relation Z, = = aR can be written as =
ZQ ,F-{ R K 0-360 = %(1 .- d /3- ) deese (6.21)

If “a" represents the applied frequency as a fraction of
the normal, or calibrating, system frequency then equ. (6 21)

can be rewritten 1n a gbneral form ¢=
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% | | |
By = %(1 - -;J voooe  (6422)

where "“a" will ordinarily -be 1ittle different from unity for
all practical applications in protection of power systems.
Following the same steps as in section (6.2), by
eliminating Zg , in eqns, (6,4) then:-

2V,

B* -3/ WL '/

(0 =-37/5)
| soees (6423)

Substituting VA and Vg by 'l:he:l.r symmetrioal oomponanta
in oqn. (6.;23). gives =

a v, (1-0:)+V (a+1)-7-(/§+3m), II,[R+ZL(1+ f,-‘; 5;-7
-3/3, "

'COOOQ (6 .24) :
Now considering as before the two exireme cases for the load
impedanoce Z;, nsmely := |

(a) If 25 oan be neglected compared to R then,

, | . R
a VM(1-¢) + Va_‘(m-l-‘l) X gt ?«(“ /3 + Jade Iy, ==
desse (6025)
(b) If R/ZL ia amall enough, i.e. R/ZI‘ << 1 ¢
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2 ' | - - \
Vai('l-a) + va,g(a'H) « -/_5: ( /g * jm) ’ ILZ'L. {1 +@' J /3-/&) }

= a2, (1+3/5a) .15 esess (6426)

Eqn. (6.24) shows that the output voltage Vgt éepends

2
oﬁ both the negative and positive éequence compbnents of the

input voltage V, , for for a negativé gequence segregating circuit
.this will be interpreted as an apparentlnagative sequence output
only. This apparent value is given by eqn. (6. 17) for the case

when &Ldiﬁfli,
y v" Iy« = o /30° (6.27)
.. o S a“! = L N /; * . ebese . 'Y
Gomparing eqns. (6, 27) with its corresponding one, eqn. (6.25),
then Va‘\ and Vap can be expressed in terms of. V a8

fﬂllowsﬁiFg.
a Vg (1=a) + Vog(att) = 8% Voo L2+ a%(1=a) 7 eres (6.28)

Gonaidéfing‘now the case of a balanced positive gesquence supply,
having a‘frequanoy different from the normsl frequénoy applied
to the cirouit in question, then putting Vg, = O in eqn. (6.24)
it follows:= ‘

2 2
a va1(,""'v“)‘ - é/? (/3 + ja). T2y ['R/ZL_* T 1= /;/a 7

cesee (6429)
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Following the same argument as before there are two
particular cases corresponding to high, and low load impedance
21, in’compariaon with R. |

For B/ &< 1 then, it follows that :-

a V81(1 -a) = a?, Ir2y,e (1 + J /E'a) - oeese (6.30)
Therefore |

12y, a?(1 ~ a)
Va,  1+3/3¢

ivlo‘o. .(6031)
From eqn. (6,31) and putting Vo, = I;2Z; then ,

JRCIQNEET

Var | /1 %30k e e

Similarly the effect of a balanced negative aequence-sﬁpply,

with a frequency differept from normal, can be obtainsd by putting
Vay =0 'in egn, (5.24); thus getiing a general expression for

the negative sequence component, This is,

| ) 2 | |
Vo, (@ 1) a‘% /34 30)e 1z, Vg 4 + - j/;/
' ' " ! . ".;"?_a

Ceeens (6433)

For R/zLﬁﬁﬁi 1  them,

: V;l (a + 1) = 3,2“(1 + 3 /3(:) . I]‘!,Zi, N (5-34)
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13,2, (a + 1)

Hence =
© Vaz aa‘ (‘I + f%“ a:}
oC 1 + ¢ '
and _"'"'"-‘7-" ‘odose (6.35)
'v&a /1 + 3 ‘

In a general case when the'3‘pha59 voitagés‘ Vy o VB' » and
Vo represent an unbalanced supply (ioeo both positiva and- negative
aequance eomponants are presant) having a different frequenoy from
the normal.

The output voltage Voe ? of the negative sequence segregating

civoult Fig. (6. 13), will then attein a value within the range,

L !7 |3 L= lvaql veeee (6.36)

Expression (6,36) will be a maximum when the two sequence
components are'equal in‘magnitudeﬁ This gives the uppé; and lower

limits of the output voltage as,

2 : ' 2a | o
/T_.‘.—E_-r lva!l ‘3nd. T;/F—E_%';‘z‘ lvaai ogo:f (6.57)

.....rhe fractional error, therefore, due fo-frequency~d9parture

from normaig will not exceed the larger of the expressions

2___ o . 2w
A = 1 - S v——— or B = 1 - m *Ro00D (6‘38)
/1 + 3q2 /1 + 3a?

It is expected that the two expressions given in eqn, (6.38)
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should give zero.fraetional errors at normal frequency. This can
be easily verified by putting "“a® = 1.0, _

A frequency departure of = 10%, f=45¢/s and a = 0.9,
for a supply with an unbalance factor "k" of 100%, i.e. af'equﬁl
positive to negative\saquence component, give rise to an error
of not more than = 8%, Smaller values of the unbalance factor "k"
will result in a corresponding decrease of error,

Fig. (6.2) gi;es the limits of the fractional error due to
the depafture of frequency from the normal system frequency as
determined by expressions (A) and (B) of eqn. (6.38). It-aléo shows
that the maximum percentage error in the output voltage is less
than the percentage deviation in frequency, -

A similar procedure can be followed for the case when the
reflected icad impedance 25 is small compared to R 9Athhs glving

eqn. (6.25) for the output voltage, naﬁelysn

aVa, (1 =a)+ Vg (@+1) = a2 (/5 + 3a) Iy, 7%

evooe (6:39)

- Eol}gwing the same agrument, as before, for applying a
balanced‘poaitive sequence or negative sequence supply alone having
s frequency different from the normal system frequency then in
~ the case of a balanced negative sequence supply when appliéd.alona,
the positive mequence component Vg, = O in eqne (6.39) thus

giving é-




(
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FIG. (6.2) LIMITS OF FREQUENCY ERROR FOR
200 NEGATIVE-SEQUENCE CIRCUIT.
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Vo, (1 #0) = a2 (/3 + 3a) . IL7§- ©eeeee (6.80)
‘Therefore
i _ (1 "'-G)‘ /3 - - (641)
Vaz  a%( /3 + jadr ‘ *
hence :
|2 . LU i (6u42)

"Vas ' /34+af R

Similarly, for the case of a balanced positive sequence supply,

it can be proved that s~

| sl e ceese (6.43)

Following the same procedure as before, the output will attain

& value within the range given by s=

LUy |t BU=0 o) .. (sus)
/3 + «X R ‘ /3 +a® R

+:This expression is & meximum when the maénitndé of the two
sequence components aré‘equal, 1.egkwhen the unbaiﬁnoa‘tactor “k"'
~of the applied voltages is 100%, In such a‘éase the limits fdr
‘ the_ioad current I are given by

2 /3 Vg, 2/3a Ve, |
K —— and ) presre—— S ) crnce (5.45) '
\ m R /3'+ a® R ~ . _

®
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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 expressions,

2 | 2

.Al = |1 = or B = 1« coooe 6. 6
Vorws Ve (6.46)

Expressions (6,46) ars in fact the same as those given before

4in eqn. (6.38) and therefore Fig. (6.3) also shows their variation
Welote @ »

It can be seen that these maximum fractional errors depend
in fact only on the frequency deviation, i.e. it cannot be modified
by a rechoice of c¢ircult parameters. |

The analysis given above diseuases the case of a negative
sequence segragatiﬁg cireuit; Mg. (6.1B). The corresponding |
positive sequence segregating circuit is obtained by interchanging
the capacitive branch 2, with R ; the output véltagaybf 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.

62,6 The Effect of Zero Seguence Component

in the previous analysis the zefc sequence component was so
far assumed to be absent from the voltage inputs Vp , Vg, and-.
Vo of the unbalances 3 phase system.
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Primary currents of a power system would generaily contain
zero sequence components, under féult conditions involving earth,
and therefore their presence in secondary quantities, currents or
voltages, should also be considered,

The circuit previously described has been developed further,
to give an output, even in the ﬁresence of zero sequence componenég,
equal or proportionsl to either the positive or the negative
. sequence component of the aﬁpliéd unbalanced 3 phase voliages.

The modified circuit is shown in Fig, (6.3) where the outputs
are taken in the form of line quantities instead of as phase
qﬁantities in the earlier design. |

The 3 phase unbalanced voltages V) , Vp o and Vo are

related to their sequence component by the genmeral known equations,

VA = V°+Va1+v

az
. VB = Vo + aeva1 + & Vaa owoee (604‘7)
_ 2
Vc = Vo + g V31 + a Vaz
Thereforse

VA - 8 'VB = (1 - a)VQ o+ Va=(1 - &a) ‘ .

. eococea (6.48)

and Vg=aVg = (1 -8)V,+Vy (a=1) |
Subtracting eqns, (6.48) gives:w

(VA - 8 VB) - (VB - B VG) = 3 vag . ‘ ' eooae (6049)

1
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FIG. (6.4) BRANCHES "AB and BC" OF NEGATIVE--SEQUENCE CIRCUIT,
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" Eqn. (6.49) giveé in fact /3 times the value of the negative
sequence component of the line #oltage VAB 8ay.

For the,negative seqﬁenee Segregating‘eireuit_shown in
- Fig. (5.3)9 assune the éame relationship as in section (6.2)
between the eircuif elements, i,6, 3g = = aR, Folldwing the
same‘aﬁalysis, as in section (6.2), Sy-eonsidering branches "AB"
and "BC" Fig. (6.4) and épplying superposition theorem, it can
be proved that g= |

Ict = VA - VB X ;coo- (6049)
e[ Ta e (-a0T .
and
»1' = s - 2 Vo o (650)
g \ - s ZL ZTRVZL + (1 - B l;? oeces N

where 27 is an equivalent load impedanae referred to the primary -
" gide of the output tranaformerso The current in the primary of

the output transformer is given by Gum

I&'O' = Ia’ - IC' . eeoese (6.51)

Substituting from eqns. (6.49) and(50) in (6.51), it givess=

(VB ~a Vg) = (V4 = a Vp)

ate?t = —'aZL [ﬁyzx)* (1 . )J ' eeoan (6|52)

I

From eqns, (6.49)‘and (6,52) it follows that 2=

L (1 . aa)'(r 53)




.1449--.

It can be seen from eqn.~(6 53) that the product (IanoaozL) is
the voltage across the primary of the output tranaformer and .
: /F'th is the magnitude of the negative sequence voltage componont»

of the line voltages, .

6.2.7 Performance of the Seg;ggatigg Network

Associated with Ironless~Core C.T.s

A set of three ironless-core C.T.s (linear couplers), eadh |
having an output rating of 9.8 V/KA4 primary current, are used as
supply aources for the negative sequence aegregating cireuit,

Fig. (6.3), and its corraaponﬁing poaitive sequence one.

The ourrent in the primary cirocuit of the linear couplera
;a aupplied from a proteotive gear test bench designed tc simulate
a transmission line under healthy and'fauity conditibna. The
maximm rated current for this bench is about 50 A for a
duration of a few minutes,

Ironleaa-core CeTes are euitable for operating from a primaryb V
.bar as well a8 a wound one, A

in order tq obtain a reasonable output from the av#ilahlo‘
1inaa§ couplers, a 20 turn primary winding vas used, thus giving
about 10 V output at the ma:iﬁum'rated éurrent of the test bench,

‘These ironless-core G.T.a\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
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composed of almost equal resistive and inductive parts, ak 50 c¢/s,
The resistances of the toroids differ a litile between the 3
couplers on the three phases but the difference waa, however, lgaa'
than 5% 4n this case.
This difference in resistance doee not have any effect on

the output of the toroids since it is governed by the mutual
inductance "m® of the individual toroids, as explained in section
(3.2)s If the primary currents on the 3 phases are assumed to be
balanced, thén the couplers outputivoltagea ars also balanced, within
an error elmost equal to thet 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 V,,,, Wwere measured by an accurate valve=voltmeter, -

The following results are recorded :-

Iprimry = 1403 A,
Vo.0, "A" 2.72 V
~v0.ci ”Bﬂ 2073 V
Vo,0, "C" 2,72 V

Fron the above results, it can be seen that the acouracy

of the mutual inductance to which the individual coils are wound
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is less than 0.4%. ‘

This error is important in determining the stability lim;f_
- of any summﬁtion scheme operating from ironless—coré C.Tus as"
explained in section (454»1)0 |

The three secondaries of the ironless-core C,T.s were then
connected in a star configuration, while their primaries wéra each
in series with one phase of the transmission line of the test bench,

The secondaries are connected iﬁ turn as supply inputs to
the segregating eircuif, Fig. (6.3), The impedance reflected by
this circuit on each phése 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 intérnal impedance of # coupler (about 20 ohms)
it can be seen that the couplers are operating almost at open~
circuit conditions,

‘The output transformers, of the cireuit of Fig. (5.4); were
disconnected, or alternatively assumed to have a wnity transformation
ratioc, The following tests were carried out on the couplera/

(positive and negative) sequence segregating circuitsz-

(a) 3 Phase 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 sequende segregatiﬁg circuit

of the type shown in Fig. (6,3)., The following table gives the
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recorded measurements,

Phase "A" | Phase "B"| Fhase "C"
I (A) 22,1 | 22,1»5 :aa;ovﬁ
Voo @ | 43 | 43 | 4
'vsec. (v) 4,26 4.23 4.23
I, (m.A.) 4.54 4.50 4450
WABOM. Pault

Since the load impedance in thié?case‘ié #ery;small compared
to R of the cireuit, then the outpul current in the load Ij
as given by eqn. {6.53) can be caloulated by putting. R/ZL:>;? 1e
From the results it can be seen that Vaee, (which is the secondary
output of voltage of the coupleis when connected to the segregating
netwoﬁk) does not differ much from the Vo,0,v 100 the couplers are
operating near emough to open-circuit 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 conditiéna,

has an equivalent sensitivity of 1,0 m.,A/100A bar-primary current,

(b) Doudble phase faults (not involving earth)

The results mentioned in this case refer to the negative
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sequence segregating circuit shown in Pig. (6.3). The loads to

the circui£ were 3 measuring instrument having an input impedance

of 1,0 KR, on that particular range of measurement, For an "A.Q B®
fault, the recorded values are shown in the table below, Measurements
were carried out with only one instrument to avoid the effects of

different accuracies and errors.

Phase "A" | Phase "B" | Phase "CM
Ip (a) 18,55 18,55 | o
Vaec,(¥) _3.76’ 3,75 0
v @ | 139 | 14 | 1.3

"A -~ B" Faull

Since the load impedance 2Zj 1is now comparable to the circuit
element R , the output voltage Vi, across the load impedance,
is given by ean. (6.53), Under this fault condition, the negative
sequence outputs of the line voltages should be equal, but a small
+ error in Vy due to the accuracy of the measuring instrument
can be noticed, this error is, however, within = 10%s

This eircuit arrangement has an equivalent sensitivity, under
the prevailing loading conditions, of 350 m,V/100 A bar-primary

current,.
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(e) Double phase to earth faulfs

The same negstive sequence vircuit, Fig. (6.3), has‘uhéergone
these tests having two different loading conditions. In one cése‘
the load was the same-méaéuringAinstrumsnta described in the above
tést and in the 2nd case an electronic valve-voltmeter was used
to simulate the case of Zj - 00 » For "B - G/E“ fault case on
the transmission line of the test bench, the folloﬂing’résulta

were observed:~

Phage "A" | Phase "B | Phase "CM
I, () o 21,8 21445
Vgao, () 0 4,23 4418
v, (1) 1.85 RN 1.8
:(.v); (44) 2,32 ) 24.\32'~ |23

"B = ¢"/E Fault

Under this fault condition, and with the,fay'_as.lablasettiﬁga of
the simulated transmissibn line conatanfs’on-the teat bench, |
closer aecuracy of primary currents was not possible due to
a slight unbalance in the supply to the test bench. With an error
in the primary currents of + 1%, the sequence netwbrk’output
'vbltége, in caae'(ii) of high load impedance, was within = 1,2%,

The error was a little higher in the case (i) with the lower load
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impedance, this was attributed to the primary current eri'or and
the accuracy of the meaéuring instrumen'b;

The overall semsitivity of the cirouit, under cases (i) and
(1i) of. loading conditionsy 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.

(a) Single phase to earth faults.

The same negative sequence network was tested under a singh’
phase to earth fault on phase "A" of the simulated transmission 1ine,
The loading condition vas, as mentioned earlier, such that 4y, >0 .

The measurements are recorded in the following table t=

Phase A" | Phase "B" | Phase "CM
I, W 22,0 o 0
Vo.c. (V) 4,27 o | 0
Vaeq, (V) 426 .| o | 0
v () 2,36 2.4 | 2,36

"A"/E Fault

Under this fault -condition it is well known that the fault

current is 3 times the valus of any of the saqﬁame componsnts,
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since. iQ = Iy = Iz. The output ndltage V;, is in fact the
pegative aequence_comyonant of the line cnrrant, i.6. /3 1z .
From the tsble sbove it can be easily verified that
L = o.c./ /3 4 also the difference between Vo.o. and Vgo,,
shows that the couplers are near enough 0 0.c. conditions, The
- error between the ocalculated value of the negative sequence of the
line vdltaga nnd tne measuned one'does nnt exceed 4%; including
the loading effect on the couplers as well as maasuramant exrrors.
The overall sensitivity of total oirouit arrangement, for
such a loading conditionm, is equivalent %0 about 550 m,V./100 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 inonlesnucore CeTen (linear conplers)
used have a transfer impedance of about 10 V/KA primary ourrent,
Le04 the aensitivity is about 1000 m.V/100 A on open~gireuit, -

e

If the 4000 m,’

are obtained under, say -single phase/E fault,_

then for a sequence voltage segregating oirouit the . aenaitivity
available will be 330 .7, /100 A. Comparing this with the corres-

ponding aensitivity obtained abové for similar fault conditiona.

the advantage of producing the output of the segregating oireuit

| in the form of line voltages rather than phase components can

be qaaily4aean.
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6.3 Simple Cirecuits for Bxtraction of Sequence Gurrents
Asgoeisted with Linear Couplers

6.3.1 General Congiderations

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 ratﬁer
a two sided point of view, on one hand it is advantagebus since it is
the,only variable element in the design of the segregating network to
meet different loading conditions. On thevother hand, the ﬁresence
of the transformer was considéred a8 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 aaqﬁence component currents from iroﬁlesé-
core C.T,s (linear couplevs) and as far as possible iron core chokes
have been eliminated on grounds of cost as well as space economy.

In designing these ocircuits simplicity and lower cost,
without sacrificing a great deal in performance characteristics,
are the two main aims to be achiefad. The fact of ass&ciating the
output of these circuits with transistorised relaying circﬁitry ‘
was also kept in mind,

Linear couplers have, in general, low VA output but sufficient
enough for application with transistorised relaying schemes. where

the input would be of the order of a few milliamps,
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Fig. (6.5) shows a schematic diagram for the way suggested
to‘extract, e.,g. negative sequence current, from the gecondaiies of
three linear couplers (Vy , Vﬁ » and Yc) connected in star,

The negative sequence voltage‘df the rafereﬁce phase "A" is gt&an

by eqn. (6.1). This arréngement is a direct represantétion of

eqﬁ. (S.i) agsuming thaf the shifting network produce a voltage phase
shift for the angle indicated inside the squares, It cam, therefore,
be seen that iL«Ais'proportion31 t§ the sequence comp;nenx voltage 

i m de (yq + vy + V) = = (V, + a®Bg + Vo)
L T Ry vatVb*+Ve) = jrifptalptalg

='%:_.’ ag = k2o Vaz ‘ . seder (6054’)

where kz is a constan%, and “C"f;a’the attenuation factor of
any of the phase shifting cirouits,- | |

Cirouits to provide a véltagé phase shift of the order of ¥ 120°
ere rather complicated as well #s expensive and to some extent |
impracticel to design avoiding the use of tranafdrmers,

Eqn; (6.,1), for the negative sequénce eompohant,'cgn be re~written

as follows :=- ‘
- vﬂa = '15' (- VA L VB L_é__o.o;"‘ Vg zﬂ' 600 ) o 001;00 (6055)

‘Fig.‘(s.ﬁ)'ahowa a circult, in a schematic form, 1o give a

: represéntation of eqn. (6.54). ‘From the figure it can be shown
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- that the outpuf current 1y dis proportional to (“IVaa)l

Fig. (6.6) is in fact a direct representation for ean. (6.55)
and it is noticed that only one transformer 1s needed on the
reference phase‘“A"a This can be further eliminated byiturning'tho
connections of the linear;coﬁpler of that particular phaoe,.thus

rroviding (- V) instead of Vy . Tho presence of transformers in

. the oiroult can therefore be avoided completely if the set of

linear couplers are only used for supplying this segregating otrouit,j"
If the linear oouylefa are used simultoneously for other purposes,

then two ident;oal linear coupler windings on phase "A"‘to‘produoez
Vpo as well as (= V) may be used or altaﬁnatively one linear ‘

coupler on phase "A" with a reversing transformer.

' The phase shifting cirouits shown in Fig. (6.6) are required -
to provide voltage shifts of : 60 » Which can be easily aohioved |
in practice without further complications.

‘There ia, of course, a sinilay cirouit for extracting the

positive aequenoo component as given by the following expreoaion te=
- ‘v8.1 - 1/3(- Vi ‘i“ V;a. z". 60° + Vc. /+ 600 ) ooo'oo. (6.56)

Such oirouits are designed to produce output ouréants.

between terminals "m and n", which can be uSed;as a relaying quantity.

The only condition %0 be noticed is that the rolay"inpuo impedance

a8 seen between the terminsls "mo" should be very small compared

to R » 1.8. Rp £ Ry« A transistor amplifier in a common
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base configuration would be ideal for such conditions.

To implement the instructions given in equns. (6.55 and 56),
voltage phase shifts of ¥ 60° are required to be performed
electrically, Such phase shifts could be achieied by the use of ‘
merely resistive capacitive eircuits, thus avoiding the use of bulky

and expensive iron-cored inductors.

6 03 2 Circuit Desim
In the previous section it has been shown that the ourrent

"i " , Fig. (6.6), is proportional to the negative sequence
component of "V,", This current is the sum of the voltages at
points' ay by and ¢ divided by Ry.

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 ¢ will
be equal to the phase voltages =~ Vo » Vg and Vp respectively,

In general, éhase 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 cirouits

designed to produce ¥ 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 e° is produced
by one basic circuit‘(stage)a The same phase shift may be
obtained by ; composite circuit of two or more identical stages
in tandem each providing a phase shift 67 = (8/no. of stages).
The following discussion will be devoted to gingle and double stage
cireuits only,

Fig. (6.7A and B) show two RC circuits to produce -60° and -30°
voltagewshifts respectively. It can be proved that:-_

wi4R = /'3. ') vi = 0-5
_." Ot/ I'l‘ [T REX) (6‘57)

W = //5,|Vou/Vin| = 0.866

" For a two stage cirocuit 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 ahift wiil ve =60°, Sunﬁ a cirouit is shown in Fig, (6;8D),
vhere "n" is a scalar factor equal to the ratio of the resistive
branches of the seooﬁd stage to that of the first,

For the first stage V,/Vi; is given by eqn. (6.57) and
provided n >>1 , then the loading effect of the second stage

on the firat can be neglected, and consequently
[ ot/ Vin) 2 (0.866)* = 0.75 voers (6,58)

Comparing eqn. (6,57 and 58) it ocan be noted that a two stage
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ciréﬁit, has a larger output voltage for the same phase shift and
input voltage Vin » i.6. offers less attenuation., On the other
hand, for a general case, the loading effect of the second stage on
the first should be taken into consideration,

For a ~30° phase shift/stage, the relation between the oircuit

elements are:

mcaR = 1//-3- and wp—-; nR = 1//5- ' " ecase (6059)

The impedance Ziy presented by the circuit to its input
terminals ab , Fig. (6,7D), assuming terminals cd are open

circuited, is given by =

a(R - 3/w02)’= JR/wC2 R/ = 2n=3 /3 (1420) 7
R = 3(ot1)/uCa -3 /3 (1+a)

eeeee  (6.,60)

zin =

From which it can be shown that s~

' 3n - " 3n 0
Voo/Vip = = T -
ot/Vin 2n+ 3 /3 (2n#l)  [en*+ 12n+ 37 /2 (=£

where ﬁ - tan-’ /3 (1 + '/an) |
’ srese (6.61)
or .
Jn -
| 'Vot/vinl' [1611‘4- 12n + 3-71/2 YR (6.52)
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Fig, (6.8) gives the variation of expféssion"(G.Gg) against
"n", The value of |V,4/Vi| reaches the limit of 0,75 given by
eqn. (6.,58) as "n"-p 00 , and also the figure shows the variation
of ééf' the phase shift with "n", The angle [gg approaches = 60°
as "n" tends to infinity, which corresponda to the case when the
loading effect of the sécond stage is negligible,

Fig. (6,92 and B) show a voltage phase ahiftiﬁg cirouit
for ahiffs of 60° and 30° respectively. For such phase; shifts

it can be easily shown thati~

1R &t //_ and lvot/v:lni = 005
) - sedee (6.63)
and @WCgR = /i and ,vR /vml = 0,866

The two stage circuit shown in Fig, (6.9D) comprises two
oircuits, similar to that of Fig. (6.9B), connected 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:=
[Vot/Van| = (/37,)* = 0.5 evees (6.64)

This composite cirouit gives therefore, a larger output voltage

than the cirouit shown in Fig. (6.94), for the same input voltage.

| For the cirouit shown in Fig. (6.90), ana aasuming that the
terminals od are open=circulted, [Tkhe effect of the load at "od"
will be introduced in a later stage, sec. (6.3.5) _/, the imput

impedance 2i,, presented by the oirouit between terminals "ab"
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is given bys-

n (R ~ '/u®0e") = 3R/wGe (1 #20) R/2n -3 /5 (n+1)7
R(1 + n) - 3/uCe S BLB 1) -7

o0 - (6065)

Zin =

Hence it can be proved that,

n - on o
2n = 3 /3 (1 + 2n) [T16n®+ 12n +3J’/n

vot/vin ?

[+ 8

where

g = tan™' /3 (1 + Y/an) W
| _ cerss (6466)
Therefore
n . v
[6n + 12n + 3.7 2 et

| Voy/Van]| = (6.67)
Eqns, (6.62) and (6.66) give the same expressions, except that
the angle‘ g was negative in the first case and positive in the
second, i.e. a lagging and a leading phase shifi respgotivély;
Consequently Fig. (6,8) would also represent the variations of

expression (6.67) with =n 4

6+3.4 ZFrequency Response and Error

All segregating cirocuits are frequency sensitive devices
and the departure of the system frequency from its normal value
will cause an error in the output of the segregating circuit,

The open circuit secondary voltage of a linear coupler is
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given by Vo o, == jJuml, , where I, 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'proporti§n.
to frequency. |

If "a" represents the actual frequency as a fraction of the
normal value, the open circuit output voltage of the linear coupler

will be given by &=

vt')nc. = "jmmIp = avOoO. EXXXT (6;68)

Segregating circuits fed from linesr couplers would therefore
gave a varylng input voltage with fréquency ﬁﬁd such an effeot, .
g@dgq to the change in the value of the reactive impedance elements,
have to be considéred as sources of frequency errors, -
" In practice the effect of frequency erzors has to be considered
only at high load currents spproaching low fault settings, a.g.
earth faults in resistanca earthed system,

- Por the cirecuit Fig.-(E.?A) the output Vo4 is related to

the input voltage Vi, by =

!

e - 1
vot/vin = 1 + J(I)G'IR ; Oonoo: (6:69)

If the frequency of the system deviates from the normal value,
then the output V,' of the oircuit fed from a linsar coupler

Vin' would be given byiw




o :' ' o 1 . | 1 o |
ot/ Vin = Vor/a-Vyp = 143 = r Zﬁ;é:

JwCiaR /1 + a®w®R%0,2 7 Ve

where

B = tan™’ (awl4R) |
sesne (6070)'

For a phase shift of =60°, wC4R = /3 , Substituting this in -
(6.70) it follows:= - - o

lvbt/vin' =

: - . oo-nvl, (6071)
/1 + 3a2 «
Under normal frequency conditions, jvo/ving = 0,5 and,

therefore, the increment " &Y due to frequency deviation can be

expressed a8 3w

P 1
€ & /1 + B2

"a" will generally be. 1ittle different from unity for practical
applicationa.

Fig, (6,10) ahows the percentage incramen'b & % aga.inst the \

frequency departure over the ranga of a = 0.8 to 1.2, i.e.

" 40 = 60 o/s. It is clear that expression (6.72) gives zero

inecrement at a = 1}0 s 1.0, at 50 o/s.

It can be seen from Fig, (6.10) that & % is always smaller

than the percentage deviation in the frequency itself. The figure -
. also 11lustrates the phasevangle error ﬁg e In ddgra!a; due

to. frequency deviation. For the practical range ovex whioh>the -
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frequency of the British grid system varies, i.e., between
f = 48 to 52 o/s, ﬁg does not exceed + 1°,

The input impedanoe of the two stage cirocult, Fig. (6.7D), as
seen between terminals ab is given by eqn. (6.60) and therefore

a general relationship for V,¢/Vy, oan be obtained, tamely :=

n
n(t - w2C8R®) + JulCaR(1 + 2n)

VO-k/Vin shsee (6.\74)
If "“a" gives the actual frequency of the system as a fraction
of the normal value, (aé the linear coupler output Vln varies with
frequency, as mentioned earlier), then 3=
.
0 B) + 3(2n + 1)a
. seene (6075)

' ! 1 o
vo'b/vin = v<>'t'/"5"V:l.n = 2l - o

Substituting for wCeR = '//5 , for the vequired phase shift

then,
Vot Vi = = | Vot/Vyn . L= £°
n(Z-c)+3/>3alen+1) B S
verve  (6.76)
where |

3n |
_A_(S + a?)® & 120 + 32?7 Ve

‘ VO;./ ‘.’1; I =

and 6 = tan /3 «(d _+2n)
' n(3 = a?)

cesee (6.77)
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Fig. (6.10) shows the increment & in the output voltage for fhe -
two casés of n=1and 5, against the frequency deviation ag well
as the variation of the angle @ as given by eQns. (6.77)s It is
noticed that for freguancies less than the normal value, i.e,
a < 1, the curve for the case of n =1 glives higher errors than
that of n =5 while for a > 1 the n =5 oase gives a little
higher error. However, for a practical range of freﬁuqncy deviation,_'
i.0. from f = 48 to 52 ofs, all three types of cirouits give
incremental errors of almost the same magnitude, They are a great
deal less than the frequency deviation itself, e.g. fhe increments
are within = 2% for a frequency deviation of ¥ 54,

The error in the phase angle § 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 cirouit shown in Fig, (6,9A), for a 60° voltage phase
shift, the output voltage V,4 , when "ecd" gfe open eirouifed-

is related to input voltage Vi, by i=

\
|

1
1 = 3/wC4R

vot/vj_n YN (6078)

When the fréquency of the system deviates from normel, the
output Vo; related to a linear coupler input Vi; would be tw

|
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| : o
1 = §/wCiaR /T + 1/wRC42g2RE

t 1 ' ‘
Vot/Tan = Vot/aTin = -

where

L

a wC4¢R

g = tan™ ‘
| cover (6479)

For a voltage phase shift of + 600. WC4R = 1//"3' a.nd‘by
substitution in eqn, :‘ (6.79) gives :=

évoé/vi;ﬁ = /;m . essen (6080)

Prom eqns. (6.63 and 80), the increment & in the output
voltege due to a frequency deviation is given by = |

E a - 0.5 4 ==t (6.81)

, m sseee

~ vhers "a" will generally be a little different from unity,
Eqn. (6.81) gives & =0 for o« = 1,0, i.0. at normal rr;quonoy.'

Pig, (6411) gives & % due to a frequency variation over. the
range from 40 to 60 o/s. It also shows the exwor in tﬁe phso
angle £$° o This exrror does not exceed : 1° for 'l:hg practical
range of 48 to 52 o/s. I% can be seen that generally the 1ﬁqmmnt
E% due to frequenoy deviation is always smalley 'cha.n\:thp |
frequency departure itself, \

If the two stage cirouit, Figl.\m(S.QO). has been employed to
produce a voltage phase shift of + 60°, i.6s WCgR = /5 ’ tixen ite




o
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FIG. (6.11) FREQUENCY DEVIATION ERRORS
(FOR CIRCUITS FIG. 6.9)
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behaviour under frequency departure oan be analysed, in a similar

fashion to that stated before, as followsi=

‘n R2w20,2
n(R%w2Cg2~ 1) = jwCeR(1 + 2n)

vot/vin XN (6.82)

If the frequenoy changes to afy then the output Vo'/vi; is
given by :- |

n R2%a2y20g2

v 1 t - ‘ : e
ot/ Tin n/R%2w20g% 1) = jwaC2R(1 + 2n)
_ 3n o | veons (6.83)
a(3x® = 1) = 3 /3 a(2n + 1)
Hence o

V-‘g/v ' _3"-"1'1 /-i-é:
. Yot/ Yin [n. (3a® + 1)2 + 3¢2(4n + 1)_‘7'1/2

where o
o= ten /:(;iin-*11)) -
ceees (6.84)
Therefore |
v 3 ata C
gvot/vin' = 5.(3“3' +1)® & 3a2(4n + 1 )_7'.,/‘

[ X NN (6.85)

Fig, (6.11) gives the increment & due to frequency deviations
of * 20%, for two ceses of n = 1 and 5. In this oase " 8"‘
increases as "n" increases for both cases of “a" bigger or smaller

than unity, For the practical range of :t‘x-\;quenoy dapari:u‘re
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between 48 to 52 o/s single stage as well as double stage cirouits
haviﬁg n=1 or 5 , have incremental errors of almost the same
order namely less than 2%, |

The error in the phase angle £ , eqn. (6.84),'deéreases in
g two stage ci&cuit a3 "n" increases, reaching the limit as a
single stage circuit as "n" tends to infinity.

From the previous snalysis and from Figs, (6.10 and 11), it~
is clear, however, that the incremental errors due to frequency ;
departures are substantially less than the daviatiop in the
frequency itself. Such a eriteriom is éccepted for circuits 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 frequeﬁcy §f'the'-
system, Therefore a phase shifting clroult of the typé dis?ussed
supplied from a iinear coupler, aésuming 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 cirouit alone, depending on the sign of the
frequency deviation. |

Such cases may be better illustrated in the following tvo

examples e

(a) Taking the oase of the composite 2 stage circuit,
Pig. (6.7D), for a 60° voltage shift and having n = 5. This oirouit

gives E = + 3.6 % at a frequency of 45 ¢/s., At this frequency
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the output voltage of the linear coupler, assuming a constant
primary current, would be « +times V, at normal system frequency,
1.8, 0.9 Ynn

The overall error 80_ is given by

€% = 100 [alvy X 5/100) -7 = 100 [Vpla = 1) T2 7
coses (6.86)
Hence 80% =-~3,76 for a frequency deviation of -~ 10%,

(b) On the other hand for circuit, Fig. (6.,9C) and for the
case of n= 5§, E = .. 4;2% at 45 c/a.. Then the overall error

E.% as given by eqn. (6.84) would be
Bo® = = 10.7% for - 10% frequency deviation,

This last cirouit would give an overall error of the same.
order as the frequency deviation., This effeet and the way to
overéome 1t,in the design of the final selected cilrouit,will be
discussed in seotion (6,3.5). |

From eqn. (6.86) it can be seen that the overall error
F % increases or deerea.aes w.r.'b. "é' ", d.apending on the' sign

of "E " and on whether the wvalue of “a" is larger or smaller

than unity,

6.3.5 The Effect of Loading

In the rrevious sections no consideration has been given
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to the effect of the load on the performﬁnce of the phase shifting
cireuits, It has been aeauméd that the output terminals "ed" ,
Figs. (6.7 and 9), are open eircuitéd or, in other words, the
loading effect is negligible, This effect can be considered further
and ma&‘be anaiysed in the following manner s- w

The cirouit, Fig. (6.12A), viewed from its output terminals.
Rogh repréaent an impedance ZﬁL when the voltage source Vi, is
equal to zero, i.e. shdrt-oircuited. It is also assumed that the
internal impedance of the source is zero, or it is included:inthe
circuit behind "ab". Fig. (6.12B) shows, therefore, the equivalent
cirouit, where Vot is an equivalent source being determined by |
the no load ccnditionsp‘ige.,eQuai 0 the open oiroult voltage Vo
betwéen odh whez; 2% =<:~f»“i a |

The loadicurrent I, end voltage Vi ocan de determinad from,

’ vot
II; =

EXRRNY ‘(6i87)

and

Vot o
Z XXX ] 6-85

Vv, = Ipedp =

The voltage Vi can be‘éxpreaaed by the short=cirouit ocurrent
I,qa which flows when the terminals "od" mre short~circulted,
Therefore

Vbt = che>Z¢L | vesos (6.89)

Substituting in eqn. (6.88), it gives:=




h DS
Phase _ 1
Shifting Vit| «—2 | Z,
- Circuit *';_ I
. —"“g )
(A) o R/2~é'é‘l
Vin . '5°o .
c SB" d . 7 _ ..,T.d
[——%r——— y
L I
(B) )

LIC\

‘
L.C. Linear Coupler ,

_ _ (A) Thevenin's Equivalent
m = Mutual inductance ‘

= gecondary induct. .

(I-4)

(B) Norton's Equivalent

PG, (6.13) KQUIVALENT CIRCUITS OF LINEAR COUPLERS. .

I3 s
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Vy = ZToa/(Yy + Ygp) | veres (6. %0)

where Iy  is the load admittance
Yy, is the admittance of the equivalent source Vo.
Consequently the ldéd ourrent is given by 3=

Ted

1 + (ZI'/Z,,&L)

IL eoeed (6 91)

- The method of analysis described above is 1mpor¥§ﬁ$Afrou the:
- ggaotioal.point-of"viev because both the open—dir&ﬁif'voltggo Vot
| %Q;vell'aa the short-cirouit current Ioq can be measured easily
‘and hence  Zg, and ii can be déterﬁinsd from eqnﬁ;‘(G.BQ and
91)'re§péo£ivély, This method woyld élimingten&ﬂy tedious calculations
fo determine ZﬁL -ror complicated olrcuits already'av&ilablé. thus
providing an easier way of studying the effect of the nature of the
1oad on the circuit, ' o
| Applying the analysis mentioned above on ‘the oircuit of
Fig. (6.74) ,
C oy o= 7 +RJwC1R . voere (6492)

Since the cirouit ia'dasigne@ to give a voltage shift of
- 60° , then wO(R = /3 and therefore,

‘ ZﬂL = 2 * LZ 60 - sevee (6092&)

The voltage of the equivalent msource V,y i1s givea byybqns (6,69)
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a8,y

vot = ;__"/- 600 - _ _ _;c-b-o (6.93)

In evaluating vot ’ oalculations ‘are simplif:ed by taking vin
as reference. ’ ‘ , .
The equivalent circuit is. therefora as shown in Fig, (6 120)

and the ahort-cireuit currant
ch l = Vin/R ° LC-): o .‘l\ . o ‘: o ;i-oo (6094)

" The 1oad current IL asg given by eqn. (6 91) is ‘therefore,

i __Tm (6.95)

A‘II. = 1 + (2z/R A‘”_S_Q.) = 201+ 295 L_}) cesee

The voltage Vi, . across the 1oad givan by ean. (6.88) will

" therefore be ’

vL =V t/(1 %;69"} , weree (6.96)

ans. (6 95 and 96)‘give the ralafionship betwéennthe input
voltage Vyn » Of the linear coupler, and the load currcm: and
‘voltage, I3, and Vi, reapectivaly. Thus the output of the phase
shiftins oirouit could. be stated in terms of voltage or current
a8 the case nay require. ' i

Linear couplers are conaidered as voltaga sourcea having an

output, on open circuit. proportional to the primary current.
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It would, therefore, be preferred to state the output of the
segregating cirouits associated with linear couplers in terms of
output load current than output voltage. A relationship between. the
primary currents and the seégregating network output load current
could then be easily established as in seotion (6.4.2)e

"It oan be shown that if 2y, 1is resistive, agy”;RL s and
if,

R, & R or 2R/R >2>1 . eeess (6.97)

then eqns, (6.95 and 96) give t=

~ vin é-sooi

iL 2 Ry, = vof/RL an@ vy, o Vot'....- (6.98)
The magnitude and the phese of the output current in the load
| Ry, are the main factbrs in assessing the behaviour of t%eqe phase
shifting ctrcuité.which foxm a part of'thé'aegraéatiﬁé hetwork.
" Fig. (6.6). .On the otﬁor hand there are other factors, e.é.
sensitivity Yo harmonics and frequenqy‘errord'whioh also have fo
be taken into consideration, .

For the circuit of Fig., (6.9A), the output voltage Vot is

given, taking Vi, &as reference, by eqn. (6.78), namely
Vot = Vin/1 = JwCsR

For & + 60° vbltaga phase'ahift wlsR = 1//3‘ , thus its
open;oircuit output voltage is ,
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o Via o o o | -
vot' = "'"'2— “"l' 60 . . evses (6099)

If a resistive‘load R is oonneeted,\as id‘Fiéo (6.124), botwoon'5

the output terminala "cd" and by following the analysis givan in the

previeus case, it can be shown that S

Vin 4*609

I, X W‘VﬂVRL S
Jas oo - ' seres (6,100)
_vhere Ry/R >> 1 R
Eqn'. (6.100) ahdwa that this duﬁent I; 48 dn :shuqa w‘ith,\’vot;
and makon an angle + 60° w.x.t. - the. input voltage Vin. ) o
o Suoh a phase shifting oircuit, Fig. (6 94) is more ‘vulnerable
to harmonioa preaent in the supply aauroe than those of Fig. (6.7),
Vith linear couplera. as voltaga sources, the output voltago (Vou)
wave shape was severely distorted from being sinnaoidnl.
It is worth noting in this respeot that tho output voltage
of a linear ooupler Vin » On opanpuircuit 1; - 3mmIp ' ann in.
the case of presence of harmonios in the primary currcnt Ip »
the output voltage Vin  will have élhighOr harmonic convent
than Tp. Bach harmonic will be multiplied by a factor equal to
the order of the harmonic, iae;lS fdr‘third, 5 for fifth harmﬁnid
and so on, . | |

It is roaaonabla tharefore to assumn that tha preaenco of

theso harmonics may- be signifioant only in cases of max:nnn loadl
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asgociated with low fault settings, e.g. an earth fau;t on
resistive earthed aystems acgompanied by heavy load cuire#ta.
having a large harmonic content. In other fault cases this is
not the case, as'fault ourrents would be almost free from harmonics,
However, it is favourable to choose cirouits which are less
sensitive to harmonics than that shown in Fig. (6.9A). A cirouit
of the type shown in Fig. (6.7A) offers attenuation to‘harﬁonic;
p&eaont in the input voltage Vipn , and the output wave shape would
therefore be very much less distorted than the previoué-casa.

Fig. (6.7B) shows a circuit of the seme nature as thet of
?15. (6,74), but designed to introduce a voltage phase shift Vh;
of = 30°, see Fig, (6.7C). The output voltage, on open=oircuit
Vo, » taking Vg, as reference, is given by = o

Vog = Vot = Vin/(1 + juCsR) Cessss (6.101)

but. wleR = 1/;@; s thus

o
Vip /=30

Vot - vca - 3’ 2

essse (64102)

| If a load 2 4¢ connected to the terminals "od" in the way
shown in Fig. (6.12A), then the load cwrrent Iy, , foliowing

the mame steps as the previous analysis, given by eqn. (6.91)
will bei=

o Vin
2%y, 0
~OR(1#+ 7§§ﬁ;zﬁﬁl. )

IL sseee (6.103)
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If 2y dis composed of a capacitance Cp , therefore
1 ‘

Z;, = =~ J/wCp and if |2y| >> R, di.e. LR .>> 1, then
the current Ij, is given by := '

/3 Vot
IL—’! -/';v1no wcL. @ = "l'z_I'."iL' . (+60° ¢soesn (6 104)

\ From eqn. (6.104) it can be easily seen that the magnitude
of -the load current is given by»di.vidi,ng the value of the open=
circuit Voy by the magnitude of the load impedance 2y , and that
IL leads the reference voltage Vin Dby 60°%, -

.Comparing eqn. (6.,100) with egn. (6.104) it can be seen that
they give the same result as far as the angle of the load _chrroﬁt
is concé‘rned and the magnitude of the current is given by |
|Votl/12L1 in each case. It is also noticed that the'véiﬁ'e of
Vot in the first case ia V‘in/2 while in the second qn;o“:l.'h is
-/-‘-3- Vin \, i.6, the current Iy in the second case is /5 tima
the other if Ry =| % | . | |

As a consequence of this analysis, the second cirouit
discussed can be used satisfactorily in ‘pla.oo of the previeun one
thus avoiding harmonlc sensitivity, partiocularly with lineayr -
couplersas voltage sources, If equal 1oad‘currontu \II, :mithe
two cases are required, for the same input voltage Vi, , then
|ZL‘ should be /_ 3 By, « This can be seen, at once, 'bSr oonpar:l.ng
eqns. (6,100 and 104), By doing so and referring to the 3 phue
segregating cirouit Fig, (6.6), where two types of. phno nhirtinc

A
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circuits for % 60° shifts are used on phases "B aﬁd'c“, this
~énéures equal sensitivity or equa} SQttings on phages "B and C",
The circuit on phase "A" has to produce nofphase shift and iﬁ~order
to obtain a setting equal to the other two phases this circuit haa
t0 be a reaistive potential divider giviﬂg an output voltage at
point "a", Fig, (6.6), equal to Vot of the phase shifting circuit
on phase "C", As a result of the nature of the desién of this
segregating-netwnfk,}Fig. (6.6), the impedance presented to the
linear coupler on eacﬁ phasey, i.e. the burden/phase, is a complex
~ one having different phase angles.

- Nevertheless, equal magnitudes of the burden/phase can be-
obtéina@ by the:!Oper’scaling of the impedance eiemsnﬁs of the phase

shifting circui%a,

6.4 Practicsl Design Considerstions | “Qﬁﬁgnij__'”
It has been ment;oned earlier that the segregating f.azi;:'<m::!:tm,...~

fed from 1inear‘couplers, are designed to produce an output aignél
which will serve as a relaying quantity. The diffeient relaying
quantities adopted ih the present scheme and their function are
desoribed in section (4.2). The coefficient M in the relaying
combination (MIp ¥ NI,) eans. (5.1), can be evaluated from the-
aegregating ciroult constants as explained in section (6 3.1)p

The ratio of the coefficients (M/N) = a¢ , is made variable over

a wide range to meet different cholces other than the recommended
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a=6.

6441 Linear Couplers Output

Linear Couplers have in general low VA output, but, as
mentioned sarlier, sufficient enough for transistoriséd achemes  of
the type described in this work, The linear couplers outputs are
applied to segregating networks which in turn produce relaying
signals fed to transistorised ielays 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
achemes.‘ |

The maximum fault current level in England and Wales for the
new 400 K.V, super-grid may reaoh-ﬁO‘KA(12), but for most of the
other grid and distribution systems a faulf level ranging from
20 « 40 KA 1s 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 theﬂorder of 40 = 50
times full rated current of say 0.5 KA, then the output voltage of
_the linear couplers, on open circuit, would raach 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 velue could be adopted as a design value fo} the

continuous rating of the segregating circuit elementa.
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.The linear couplers used, in conjunction with the developed
scheme, are constructed from 22 or 20 S,W.G, wire which can stand
a‘ateady‘state current of 0,54, Under fault conditions, assuming
an open~circuit voltage output of 200 V/phase, a maximum output
power of 100 VA could be supplied, from the linear couplers., When
the linear couplqrs are operating with load burdens in the
secondary oircuits, the output power is greatly redueeg(21),-unless
they are ope;ating near open=~gircuit conditions,

The eqn, governing the relationship between the openpciruu1t~
secondaxy voltage V, o of the coupler and the primary current
Ip is,

vOoOo - amp ‘Otooo‘ (6.105)
where "m" is the mutual secondary reactance.

Under any particular load buxrden condition the ooupleé'output

oan be written asi-
Vt = K » Ip : 'YXEX] (60106)

... ¥here K is a constant depending on the load and fhe coupler

impedance,
Let the secondary impedance of the coupler be
zo _@g = Yo + dm ted e (6.107)

vhere r, is the secondary resistance and it should include

the leads, if any,
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For the partiéulai' couplers uae_d her,o, 2y is »au}uﬁd to 1,,
3052, for design purposes, bompoaed of equal rea:l.‘itivo} and reactive

parta each about 218 , in fact Zg was around 228, section (6.2,7)s =

it “zn :l.a ‘the load impedanoe, then the coupler aeoondary
current, Pig. (6 13&); is ‘

-1 = 1""3“%"'3&-/& ‘ | - erane (6.\1%) ,

‘The sooondm voltage Vi across the total- burdap :I.a tharotoro
given by 4= |

vt = i zR /ﬁ, .l - o . oo (6'109)
~ Substituting from eqn. (6.108) into eqn, (6.109) gives 1= '

t - iZRﬁ - _-JMI (XX XX (60110)

(1 +--- /ﬂg &)

From equs, (5.\105),“&‘(6.1‘06), eqn, (6.110) can be put in the

form i= -
| - |
Vg = Vo,q,/(1 +-5§/¢9~-_-. gr) = K.Ip

o 2. - veres (6.111)
vhere ' X = Jun/(1 +-z'-§/¢$o-¢g_) |

In order to obtain a rather appreoiablov output from a
coupler it should work near open-oirouit conditions, i,e,
z(,/:n 4«: 1 PFor suoh a case oqn.. (s. 111) boooma t=
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Ve = 1.2 /0 Voo,  eeeee (64112)

~ From eqns. (6.,111), it can be showh that t=
' 2 2 1 |
| Vel = lvo.o.l/[*l .g.(zi-)’.g.g.ig.oosoj/a_

vers & = fo-tn (6 115).
I XS NN [

Eqns. (6.113) show that due to the fact.that the segregating
networks present different inpedancea/phaéé on the linear couplefa.
‘and assuming, as mentioned in the ﬁzavious section, that the
emplitudes of the coupler loada/phaae are made equal, then dus
to the different burden angles ﬁR‘ an exror will be iptroduced
ip‘the éettinga of the different phases. This may be illustrated
iﬁ‘a'better manner by'evaluating the variation in the factor X
of eqns. (6.111), for the different phames,

‘The perticulars of the linear couplers are i=

By 300 [45°, Vo,e, 2 10V/KA  primary ourrent,
and a design value of Zp about 4508,

There are three different cases for the. phase angle of the
1§put impedance of the segregating network namely,

- ﬁg‘ =0 , 1.0,0 = 45° » for resistive oironit‘qn phase A
_ ﬂRc%' -30°, 1,6, 0 = 75° ;\fb: phase shifting circuit on
| o phase C
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"'ﬁﬁB == 60° di.e.6=105°, for phase shifting oircuit éd
o - phase B;f
Evaluating the values of V¢ as given in eqn. (6.113);
teking |Zp,| = |Zpg| = |Zpg| = 450 @, for the different

values of &° glven above therefora,

|vg], = 0.96 Voucu -

lvtiB = 1.018 vOoG' _ ' o .o.o; (6.114)

‘vtlc = 0,98 Vb.c.

Bons. (6. 114) show that the difference batween Vi for

the three phases is quite small, in fact the diffarence on primary

.earth fault settings, taking sn average Vt = 0,99 vo.c.’ would
be less than <+ 3%. |

6.4.2 Circuit Arragggmenta for Relaxigg Combinat 1 ns

It has been mentioned in tha intrcduotion of this ohapter
that three relaying quantities ars required in the devqlopod
protection scheme namely'qﬁantitias proportional to the positive E
aeQusnép component, the neéative, and the zero sequenéa component
of tﬁa fault ourrent, Fig, (6.6) shows a cirouit to 6xtract the
negative sequence eompqnant of the fault current, The positive )
sequence eompénent‘oan also be extracted in a similar manner, o

Eqns. (6.1) for the positive sequence can be rewritten aste
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: ‘vai = % (VA - VBZ_-_G_Q_O_ - vG &-‘i—o-o ) o ‘eep-oo‘ (5.115)

- Tig. (6.14) shows the bircuit which répfesenfs eqns (6.115)
and in a éimilar way‘to“that of eqn.;(6.54) 1% cen bé-eaaily

shown that =

A, = koo Vg,

L : . ceess (6,116
where ki is‘aiconszﬁt = BO/RL1 " o (6 | )
and  “CY is the attenustion factor of the phase shifting

c;rcu:tso | | |

The reveraing transtrmers on the: phaaea "B and C" ean be
eliminated, by raversing the connection of the couplers to
obtain the vector (- Vg “and‘ - Vo)« ‘This cen ‘be done when the'
couplers aupply only this éegregating circuit, orx oouplera with
two windings have to be uaed. _ _

Figa (6 15) ahows the oircuit to extraet tha Zero aequenoo
_current as given in eqna, (641). | |
'.‘I#‘can be eaailyvseen that

iLo = ko y Vo - R
“ veeee (6.117)

where Xk, is a constant = 3/304

For all the 3 segregating netwaks shown in Figs.‘(6.6,
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14, and 15) the output currents i, , iy, and ip, respectively
are proportional to the negative, positive and gero sequence |
component voltages of the coupler secondary output voltage V, .

According to eqns. (6.45, 105 and 106), it can be seen that
1#; » i, » and iy are proportional to the sequence components
of the primary current “Ip" » Of phase "AM,

If the sequence component currents of any phase other than "A®
is required to be present in the relaying quantity combinations,
.8, a8 in~0hapt§r‘(5) equs. (5.1), this can be achieved by the
proper vector rotation of the input voltagea either by a or a?,
i.e. simply by interchanging the phasea.

In Pigs: (6,6, 14 and 15) the three output currents ip,
iy, and 1, are flowing in the reiay impedance 'Rr connected
aoross the terminalsi "mnﬁ y Mmyng®, ‘and "mono® - respsctively.

The relay input impedance Rr should be very small
e.g. compared to Ry’ or. Ry , i.e. Rreai.RL. The value of
the input ourrent to the relay, for a transistorized gnplifying
staga, would be only a few milliemps,

In order to ob'bai;n a relaying quantity, from the
sog:og;ting cirouits, in the fornm given by eqns, (5.1). it is
ther&tore necessary to feed both the positive sequence current
plus. the negative sequence current. into the relay. Thia oan be
easily achieved by paralleling the_outpﬁt terminals "mn" and
"ming", Figs, (6.6 and 14), across the relay impedanbe Ry and
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| therefore the ourrent flowing in the relay I would be the .
sum of 1L‘ end iy, .. By substitution from eqns, (6 54 and 116)
it gives :=

In = dp, +3, = =(= ki Vay + Kz Vay) eeeve (6.118)

| Subatituting from eqna. (6.105 and 106) in eqns, (6 54 and
116). hence

In = = Jum(- ks In, + ke I )

- (M Iz2-N1y) o
| \ eress (64119)
 'where M = uwmke and N = umky ‘ '
From Pigs. (6,6 and 14) and eqns. (6.54 and 116) it can be
R, - |
seen that (M/N) = kg/kq = -ﬁ-i— » and therefore by changing the
ratio of these two resistances different values of « = (M/N)
can be obtained, This arrangement of feeding into the relay a
ourrent, Im , having a variable nagativa/positivqyaquanoe component
by changing R, and Rg,ﬁ‘may"ba~a‘litfle'diffioult fbr practical
purposes, By changing oithar of these reaiatanooa thp settings
change, i.e, current in ralay foracertain Iy , also the change - or
Ry, and Ry, affects the behaviour of the phase ahifting circuits
as can be seen from eqns, (6.97 and 100), therefore another

mpthod of combining the maquence ourrenta in the relaying elenent

han been developed as explained later in section (6.4,4)w
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Howaver, this arrangement of choosing a certain value for
(Ry,,/Rp) is very piaotioal for schemes which operate at constant
¢ » 8.8, the recommended value of o = 6, This fixod Qaluo of «
can then be taken into consideration from the start in designing
the phase shifting circuits, |

6.4.3 Caljbration and Adjugtment

The procedure followed in calibrating these aegfegating
networks is similer to that mentioned in section (6.2.1). This
method is simply summarized in applying an acourately balanced ‘
3 phaa§ supply to the segregating ﬁafwork but with an dppoaito
sequence of rotation. e.é. positive sequence voltagué to the
negative sequence aegrégatipg network, Fig. (6.6) and vice= -
versa toi the ecircuit, Fig. (6.14). Then by trimming the
résiutive branches, rather than the oapaciﬁive ones & zero
output curreat (iy) can be ideally obtaihad, and the cirouit
would therefore gct as }ts nil indicator, In practice a zero
output is ogly obtainable when the supply is purely a;nnaoidal
and generally a very smali output composed mainly of harmonics,
e.g. mostly 5B harmonic for a negative sequence segregating
ciroulit ﬁa it has negative segquence rotation,

Pig. (6,17 A and B) show the output of the negative sequence
segregating cirouit, for Ry m © and 100 R, when a three

phase positive sequence supply 1s'appliad t0 it, The voltage
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of phage A (~Vp) is also shown in Pig, (6.17A) for comparison,
The harmonic content is enlarged about 25 timeé to thé voltage
scale of phase "A", It is also noticed that this harmonic
output increases with the increase of thé supply voltége.

From Fig, (6.,17) it can be seen that the harmonié output
is superposed on a small component of 50 éycle fundaménfal wave,
In fact this was traced 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 beiween the
phases. Fig. (6,17 A and B) show that the magnitude of this
output due to the harmonics ahd ﬁhe errors in the aupjly does
not exceed 1.5% , whﬁn Rp = 100 R, However, the fault current
may well be assumed harmonic free and therefore the outputa of
the linear couplers would have a degree of unbalance not nore
than that existing between the primary currents.

The positive and negative sequence segregating circuits
were adjusted in the manner mentiﬁned above, The performance
. of the zero sequence segregating circuit, Fig. (6.15), depends
on the accuraoy of the 3 resistive btranches R, and therefore
it is preferred to have the tolerance between them éa;amall
as possible, High stabllised resistances with a tolerance of
¥ 0.5% are used to ensure higher accuracies,

The third harmoniq in the supply appears in the output of
this circuit, as shown in Fig, (6417 C and D) for Ry = ©°




, (VA,VB,VC)
Linear Couplers

(a) To starting Circuit (2)
(bg To Btarting Circuit (1) V.
(c) To Squaring Circuit c
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PIGs (6.16) COMBINED CIRCULT ARRANGEMENT
FOR RELAYING QUANTITIES,




FIG. (6.17) CALIBRATION OF SRGRUGATING NETWORKS -

(A) and (B) - Negative Sequence Segregating
Circuit Output .
at R.= o0, 100 2, respectively.

(C) and (D) Zero-Sequence Segregating
Circuit Output . _
at R=eo , 502, 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_ Cbmbined Circuit
The final segregating circuit‘arrangemenf for the relaying
scheme is shown in Fig. (6.16), Three output quantitieé are
‘derived from the ciﬁcuit and supplied as igla&ing.quaﬁtitiesi

~ (a) A quantity in the form (MIz - NI,) is used as an input
to the squaring eircuit; sec, (8;2),_repreaenting the phase

angle of the fault current.

(v) Two starting signals prgportional,to_the‘pogitive’and
Zexro sequénce component of the fault current, fed as iﬂputs
 $o starting cirouits (1) and (2), section (8.3),
| Each of the two fault detecting circuits, fed by'a signal
from the ecircuit Fig, (6.16), has é transiStoriseé amplifjing
input stage of fhe common amittef-contiguration. Such a ecircuit
is characterised by a high input impedance in the oxdér of
Kilo ohms, Another‘factcr contributing to the increase of this’
impedance was the practicé of inserting the resistance Rz in
the emittef cirouit, Fig, (8.3). ‘

The voltage inputs to the starting circuits. i.e. the
starting signals are given, as shownfin Fig. (6.16) by

Vo! = 3Iopo and Vi' = Lyl xe.met - wesss (64120)

where x1  is the setting of the divider 4%, The value
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- of 1y is fixed'theoretically by the criterion that the -appearance

of any géroneqﬁencp indicates a fault, In practice, a minimum
Pick-up-level is always considarad to avoid initiation of starting
signals due to smell load unbalance, or capacitive currents |
of feeders, ﬁhich have a‘zero-Sequencgﬁnature and third harmonioc

content, if any, under heavy loading conditions. In the relaying

© schenme, however,‘evqn the initiation of the starting circuit would

not cause maloperation under haalthy feeder conditiona as the
currents at the two. ends are almost 180° out of phaae, section (8.4)

. The input signal Vh shown in Fig. (6.16) to the squaring

circuit of Fg. (8.1), can be seen to be in the form (MI, - NI4),

The ratio « = (M/N) can be varied by fhe setting x of the

divider r, in addition to the design factor of Ry,/Ry , a&s

“explained earlier, seofibn (6;4.2), whéré Ry, ia the parallel

combination of rLi and 11,' , Fig. (6,16),
Fig. (6 18) ehowe the front and the back views of the

negativa sequence aegragating network,




CHAPTER T

CHARAGTERTSTICS AND SIMULATION
© OF PILOT-VIRE CTROUITS

T Int;gduotgon

The previous chapters have dealt with power syatem characteriatica

~and their associatad problems as far as relaying quantities and
their dorivation are concerned.

The aapect of pilot oircuits mus ¢ also be oonaidered in order
1o arrive at a aatisfactory design for any pilot-wire scheme; | l
| Subaaquently. it is therefore necessary to study the charaqtariuticn‘-
of pilot circuits and to oonstruct artificial circuita to siunlato
practiaal pilot oirouita oonditions. The - provision of sueh- ctreuitn |
faoilitatea the study of the performanco of protective achenas and
leads to some more design details, ‘ .
| 'Pildt oircuita fall broadly 1nto:two‘oategdriea, privateiy
owned and rented. | |

Tha privately owned cirouits are in general more reliable
than'rantad cirouits, ainca they are 1eas expoaed to outaidt
intor£0runco. They are usually ahorter than ranted\oircuits,
ainoo it is uneconomical to run private pilot oircuits ovar 1ong
distances, | | |

Pilot wire feeder protection sdhé@éa fqr lines, bat?ogg

30 = 40 miles, are more attractive economically then carrier
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current. or distance protection schemes. - This has led to the

development of protective aohemes auitable for. use with G.F.0.

- rented circuits and, as mentioned 1n Chapter (1), their use

introduced speoial problems,

In'gensral, the most oomplicatod and oumberaome typo~of pilot \

,oiroutts uaed for proteotion purposes.are those ranted fron G%P‘O&

A protective acheme which provides suceessful porformanoa-ovor

8 long‘runted G P.O. oirouit will, in prinoiple, be aatistactory

over privato pilot oirouit and perhape with oonsiderablo

aimplifiaation,

Te2 Soggfgggblemg“Assogggtod witg;G,P,Oi.Pilot G;;ou;ts~
Vlsﬂﬁ;ntioned earlier, the use of'G.f 0, rented cirouito
1ntroduoaa some problems and imposea 1imitations on assooiated
proteotive aohamea. 7 ‘
. The G,P,0, stipulates that the peak core. to core pilot

voltaga-ahall not exceed, under mazimum fault current, 100 v poak.

In oomt ogaes special diapansation has been»grantod and-thsihigheat |

figure~soffar approved is 135 V peak. These arve, hoﬁovor; short
time rating voluea‘opplioable.to faolt conditions, ‘The'popmioo&ple.

continuous voltage levels are much less than these, All equipment

commected to the G,P.0. pilot cirouits shall have an insulatiom
barrier of 15 kV (for 132 kV systems) between the pilots and-

all equipment associated with the power system, 1noludip§ tho“‘
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stgtionvOr sﬁbsﬁation earths This is usually achieved‘by the~uag
of"?i-soiuting transrormeré. “ N |
ﬁna%her consequence to the uae of rented circuits for
proteotion purposes is that the equipment shall not be capab10~
of being operated by "G.P.0, Paraonnel“ when testing circuits for
faplt location. Although the 'G .0, agres o take speciél
preoautions with rented circuits as far as poasible, they reserve
the right to have access and interfere with the: pilot circuita at
any- tim&-during testing or fault 1ocating, During thia procedure
they mey apply test signals of dncep 17 o/s or audio frequency,
to the pilots. AAny pilot wire sohame must, in oonsequenoe,‘bq‘
1no§pable of being operated £rom the pilot eciroulit side, yTh:I.& u
aohievad by incorporating ourrent operated fault detectors or
‘starting elemants. | | | | , |
Duafto'the posaibilify of ﬁﬁman interference it 1a_fher§forq ,
required that the G.P.0, pilot cimumé shall be supervised
coétiﬁuausiy and ﬁli modern pilot-wire Qchémes inélude‘a d.g;‘
pilot supervision equipment to detect pilot open oircuit, short
61?0uit~and oross over, At each end polarised relays detect <
theaq”e§nditioﬁs and give a time delayed alarm, as\giveﬁfinv-
saofidn@(1¢2‘1)3 The d.c. for suparvision must not, under any
oonditiona. be capable of operating the protective relaya. It
is deairable that the supervision current flcw shall be intarrupted_

as soon as a fault condition is deteoted by the fault detectora 80
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that the protaction Fcheme oannot be mislead by eombined a.c.v
and d.c. signala.

The most important practical feature of G. P, 0. cirouits is -
that they comprise different conductor sizes connected in series
with, and in most gases, without matching arrangements between
the differént sections, A practical circuit is, in fact, #
oogpiex'(RGL) four terminal network. The resistance and oapacitance
ar&-the nb:mal’propertiea and the inductance being mainly due- to |
loading 60115 addgd to trunk cirouits in oxder tb facilitatevapeach'
trgnamisnion. |

A typical pilot cirouit will comprise loaded and unloaded
aectiona and may well contain different conductoxr sizes on each
side, . This praotice results in complately unaymmetrioal pilot
cirocuits, 1.0. the open and short ciroulit impedancea at both
enda are d;fferent,\although for a linear circuiit, the ratios of
thq‘twd\impedanoes will be the same at the two endﬁ. |

7.2'.1 Loading of G,P,0, Circuits

Induotanoes are added to oable pilot oircuita nainly to

eliminate tranamisaion distortion at audio frequenciea.- Thrae

_dirforcnt loading mathods are practicad.

(a) By means of inductance coils inserted in series at regular

intervals along the line,

(v) By the provision of one or more layers of iron, or some sort
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of an iron alloy, wire wound on eaoh core of the pilot circuit.

This mathod is known as continuous or uniform loading.

(e) .By-ﬂpatch“'lgading which is an arrangement whereby the piiot
coxea*ara'§bnfinncusiy loaded for 200 yards, unloaded for the hgkt
ZOQ‘ygrda“aﬁd S0 6n, throughout the length of thercable.k

However, the presence of inductance (loading) on G.P.0. oircuits
ad@a;andther,hazard to the protective gear designer where the pilot |

- circuit is considered a pure resistive/capacitive circuit,

T3 Derivation of Egugvalent Circu;ts for G,P,O, Pilotg o
From: the previoua section it is seen that G,P,0. pilot oircuita

are by ‘no maans symmetrical, i.e. & considerable degree of
unbalance is usually present betwaen the pilot circult as viewed
L from its two ends. This may be attributed t0, One or more, of the

follgving cauSes e

| (a). the use of & number of different conductor sizes to form one
cireuitg

(v) - ‘the use of different loading coils spacings and sizes. over .
the_pilot route,

(o) Tha~use of paralleled cores on some sections of the pilot
circuit,

If is clear that the gmount of unbalancg*depends on the

'pilot-c;rcqitjconatants and whdthér thia is tolerable or not
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dep§3d9~on-the p&rticular‘schemevbf protection concerned,

Hith»ag unhalanced:pilot circuit the compensating (replica)
inipéﬁaﬁqeretc., in a differential scheme, will require different
aett&ggy‘at'the two ends and therefore in order to determine the
suitability of.any~pilot cirouit for its intended application iﬁ
is ﬁsairaple to measure the degree of unbalance p?esent. The method
usually adapted is the caloulation of m-equivalent cirouit of
the line frgm the measurements ofvoyen—circuit and short cirouit

impedances, .

Te31.. Measurements on G,P,0, Pilot Circuits
In order to obtain the pilot cirouit constants and hence to

£ind ‘the X-equivalent of a certain line it is necessary té determine
firét‘thevopon-oireuit and short-circuit impedances, measurad from
each end, These impédanceé are uaually«maaéured by an A.C. bridge
méthod."'Thp n=-equivalent circuit obtained from these ﬁeaauremsnta
would be the equivalent at the frequency of the bridge supply,
which shoula be truly sinusoidal to avoid any errors due to
harmanioa. | |

ﬁhe four impedances of the pilot circuit to be determined-

are:-

2¢,0,(1) = input impedance measured at end (1) with end
o (2) open-circuited |
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Zg.c.(2) = input impedance measured at end (2) with end

(1) open-cireuited

Zg,c,(1) = dinput impedance measured at end (1) with end
| (2) short-circuited |

Zg,c.(2) = input impedance measured at end {2) with end

(1 ) short-circuited,

Soiﬁé ..igdiéation of the accuracy of the re_sglts can be obtained
by checking that the ratios Zo,0,(1)/z, , (1) =nd za'°‘(1)/zu;c.(2)
are identicsal, provided the measurements are correct and no non=-
linear components are present in the line c;i'fou:l.'f.‘

The X=equivalent circuit of the 1line is jolﬁtéﬁ.ned from the
following -ec;uations te

Ys = [Ya.e. 2 { Ya.0.(1) - Yo.e..(-;)} 7 a“?‘“
| S eeees (101)
Yy = “YB.G.(15 - Y? mhos : eseee (7.2)

and Y ‘f 15606(2) - Yy nmhos \ S TYT Y (763)

where Y3 = the admittance of the series arm of the
n=equivalent circuit -
Yy and Y2 are the admittances of the shunt arms of the
| x-squivalent at end (1) and (2) respectively
as shown in Fig, (7.1)




CE() |y, | | 1, | =n(2)

Ot — —d 0

(A) =% - Equivalent

|

END(4)

>END(2)

T - Equivalént

O—

RN

(¢) = - Equlvalent of a. Symmetrxpal |
. Long PllOL )

FIG. (7.1) = and T EQUIVALENTS FOR PILOT CIRCUITS.
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The relation between the x-equivalent, or its dual the
T=squivalent, circuit and the constants A, B, C and D of the
complex tour'terﬁinal'network is gi%en in Appendix (i ).

It is clear that this n-equivalent circuit rapﬁesents the
pllot~circuit only at the frequency at whicﬁ the measurements were
carried~out, For short lines the ®-equivalent components
approximate to the v&lues expected from the known line constants,
but for'louger lines this state of affairs is no longer true.

For 1ongllines, e.8. 50 miles and over, the seriss arm admittance
would represent an effective admittance, a fictitious one, which
differs cohsidarably from that.caloulated from the line constants,
Theaq*aqutvaient impedances are such that x-equivalent circuit
charqcteriatics'are identical to those of the line, at the

'freqpénéy 6onoernad, regarding atienuation and phase ahifta :

.3¢2 jg;giggt;og of tho n-Eguivalent C;;eu;t ;;g!
tha L:l_n_g Conatants

As mentioned earlier most G,P.0. cirouits are oonpbsod of
éovorql section of different conductor core sizes both loaded
and unloaded, but where the core size and loading conditions are
’oonatant thrOughout. the m~equivalent cirouit can be caloulated |
from the 1:|.nq constants.

Qpns, 19% R' = loop resiatance ohms/mile

L' = inductance in H/mile
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C' = shunt capaci'bance in F/mile

¢' = shunt conduotance in mhos/mile. A
The ché:;acteriﬂtic impedance of the ;ir_xe ;'La given byé-*
Zo ‘- LR + got)/ (e + ;jmc')J1/’onms' T edees (7.4)
and the propagation constant * " is given by.=-4
‘5 [(R‘ Ju')/(er + Juct) _7/’ ='a + B eeees (7.5)

If 2 represents the series arm impedance of the ﬂ-oquivalant
cirouit, Y is the admittance of the two shunt arms Fig. (7.10),
and the length of the line is 0 milqa. Then it can be shown
thats-

2 = Z ainh(b‘ﬁ)

© oy Z = 2, [sinh qQacoa ﬁz + J cosh aﬂ- sin B.QJ ohms
eeves (706)

[ainh ae - J 8in ﬂﬁ]

zZ, [ cosh af + cos BQJ S eenss (707)

- and

Applying this to a practical G.P, o. cirouit of 20 1b/mile

conduotor for the following caseg:~
(a) Unloadqd 20 1b/mile cqnductor;

 The theoretical 50 o/s n-equivalent circuit components
are given in Tig. (7.2) for a length up to 30 miles, The line
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constants, on which these components are ev&luétq&, are as followss= .

R' = 88 ohms/mile, L' = 0,001 E/mile

' = 0.065 pF/mile, @' = 107" mho/mile

(v) fLogded 20 1b/mile Conductor.
The iing is assumed to be loaded with 88 mH per 2000 yards
and the circuit constants, including the loading coils, aret-
R = 92 ohms/mile, L' = 0,0785 B/mile
o' = 0.065 pF/m:Lie. g = 1070 mho/nile,

)
1

Fig. (7.3) gives the components of the n-equivalent oircuit
for 1ine 1ength up to 30 um. | | |

7.3.3 -Egu&zalent Gggcui | |
Referring to Fig. (7 1b), it is sometimes more oonyonient to

vepreaent the line in‘;ts T—equiyalpnt oircuit,m The values of
components can be evaluated from the line input impedances
Zo.0s(1)s. zo.o.(2) and  Zg,0,(1)r Zs,0,(2) a® fo;lowax-
/2
Zs = [ZO.O.(2> { zo.c.(1) L) Zs‘c.(‘])} _7 IYX KR (7.8)

Zg - zo.o.(1) - 23 : - ) | seese (7 9)

a'nd' z. " 20000(2) - 23 ) , ‘ | sevee (7.10)
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7.4 Infinite Line Approsch for G,-P,o,fnélaxigg Circuits

~ The use of G.P.0. circuits for pilot-wire protection schemes -
has been treated, in aome.applications(23)(24), on the basis of the
classical infinite line theory. This philosophy Presupposes that'
the pilot circuit may be represented by its characteristic impedance,
It also implies the use of impedance matching devices and in one: |

(24) of equal terminating end to end symmetry:

apilioation

Matching batween different lines, can be affected by the use
of the image impodanoe conoept.~ The image impedances, by dofinition(as)
of a network are those impedances such that when one of them is |
connected across the appropriate pair of‘tgpminais of tha.network{
thp other is presented by~the’other pair, |

In case of asyﬁmetrical hatwopk the two 1maée impedancau ’
are different. This can be better seen from Fig, (7.44), where
the input imped#nbe at terminalas aﬁ of the network is Z(1)
when terminals od are ierminating in Z4(2)» &nd the input
impedance at terminals od is Zy(2) when terminals ab are
terminating in zo(i). When the twp image 1mped#neestara equal,
as in the case of symmetrical networks, their common value is
equal to the charaoteristio impedance Zo of the network. An
aaymmétrical network is said to be properly terminated when it is
tbrminated in its image impedances,:

" Advahtage can be taken from the properties of half-seotiona

t0 be interposed between fhe lines whose characteristic impedances
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.
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conform the image impedances of the half-section,
Referring to Fig. (7.4B_and ¢), it can be proved that, for
the full sectionsi-

2 ce . .
A 1/, . .
= [21 Zz +1—1',_7/2 ] XEXXE} (7011)
-Zia 1/2 . : )
Z' = 2221/ [Z-ng +Z""J = Zng/ZT eosve (7012)

The image transfer constant "e", which corresponds to the

prOPagation‘éonstant in symmetrical circuits, is

cosh ® = 1 + Z4/pz, and sinh 3/2 = [21/422 _7‘/' B
| A | vesee (7413)
. The half sections, Fig. (7.4C), have an image transfer constant
exaoctly ‘/e of that of a full section., | \
. The image impedancea of the two aides of the half aections
differ, being Zp on one side and Z; on the other side.

If the two pilot cirocuit 1inea to be connected together have
oharactonétio impedances Zo(1) and Zo(z) respectively, then
the components of a properly terminating (or matohing) half~-
section may ‘then be determined, ! :

Referring to Fig. (7.40), then the condition for matching is,

... Zo(1) = Zp | and  Zy(p) = Zy iisee (T414)

Substituting from eqns. (7.11 and 12) in eqn; (7.14) 1t

ﬂ‘iveﬂ »
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Zpedg = Zg(1)eZp(2) = ZiZ§ o : o '.a.;a_.~» ('7.15)
From equns, (7.11, 12‘aud‘15) it can be-prOVQd thé*;*v
Zi/z [20(1) { 20(1) - 20(2)} _7 - 'oo,ono (7016)

and 2z, = 30(1).20(2)/ L zo(a){_ 30(1) - Zo(a)} -7 s |
cosns (7417)

Eﬁnﬁ. (7.16 ana 17) give the components oé the mﬁt@hing.
impedance nalraseotion."-iha 1¢ae;tion of such matching networks
;g_alwayg_fgaoqiated with powarliois-and‘this mey be mgde a ninimun
by inodrporgtine a transformer to make the moduli ofAfhé two

' oharactoriﬁtic inpodanoea-bf the two lines aqual,

Two half-sections ave also required, for proper tefmination,
one at each end of the 11ne;f | ' | |
- ‘rbr the caao of unloaded G.P.O;‘circuit, the. ;ffootivo
paranntera aro the raaistanoo and oapaoitanoe and therefore the

charaoteriatic 1mpedanea, as givon by eqn. (7.4). would be

¥ Lom I - L7 0w i o

Bqn. (7.18) shows that the oharacteristic inpedance of an
unloaded iiho-hau,an angle of - 45°, In cases where th§ moduli -

axe uade oqpnl then,

zo(a) - ad - ‘” and zoh)- z Re ' o
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where Ry is an equivalent resistance equal to -[T'R'/zwa'_7ﬂ/?.‘

In cases of loa&ed lines an exéraasion can be obtained for the
characteristic impedance of the line, in the form of a series
reaistance/capacitive combination., If the conductance .G' can be
neglected in eqn. (7.4) then the characteristic impedance Zo is
given by

Zo 2 [+ 3ub)/3000 T/ = (g - 3 Be)
= (Ro + d xO) | e2eee (7019)
wl}ore | Ro* - Xol = Ia'/ct and 2Rp X, = =~ R'/yot

By expresaing the characteristic impedance in the ahove form
p:dper terminating sections can be determined by equs, (7.16 and 17).

Te4o1 Practical Limjtations of the Infinite Line Approach
The G,P.0, accept no obligations when rentiné circuits for

protection purposes, In fact they impose conditions on the users,;
No special provisions are made other than providing an efficient
speech cirouit, Special arrangements. or facilities may not be |
easy to obtain or may be obta1nab1e at high cost,

It ims not the practice of the G,P,0, to provide impedanceg
matching at different points of connection in mid route., Some
sort of impedance matching may be provided at the line terminating
points, Furtﬁermpﬁe. the normal standard 1npedapoe matching |

devices may introduce undesirable non-linear features at power=
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levels, similar to those encountered for proteotion purposes.

Tt, is now clear that it is the task of the_ﬁroteotive scheme
designer to produce a'rélaying scheme which can operate
satisfactorily ép practical G.P,0, circuits without demanding
’aﬁy.epecial eqnipmépt to be fittéd by the G.,P.0, personnel, However,

the practice of terminating the pilot circuit is quite acceptable,

7.5 Simulation of Pilot Circuits
Pilot circuits are effegtively composed of distributed

capracitance and resistance, when the shunt cohduetance tan be
regerded as negligible, Loaded pilot cirocuits have, of.courae, a
much greater inductance thanlunlqaded circuits, The pilot cirouit
~has, therefore, to be considered, from the protection pbint of
view, as a transmisgion line with distributed parameters rather
than of lumped ones, |
| Simlation of pilot circuits mﬁst be composed of a large
nunber of sections in order that an accurate aaaeasment:or the
protective scheme behaviour may be obtained. The % or @-equivalpnt
networks give a fairly itrue representation, at a.singlegrrequency '
only, of the'pilot-oircuit and therefore may be useful in the
initial design gtagea of the proteotive achqﬁo. However, testing
of pilotwwire schemes should reproduce practical pilot=circuit
conditions, as far as possible, | |

Practical pilot-cirocuits are, in general, unsymmetrical at




203,

the two énds and simulation of pilot=circuits should also include
this feature. The simulation of pilot lines is done by artificial

pilot=circuits,

T.5,1 Artificial Pilot-Circuits

It is understood that the best wa&vofltesting a pilot-wire
protection scheme, would be carried ouf on practical G;P.O. lines,
-preferably starting an& ending in the same 1aboratory, where
comprehnnsive bench tests. oan be conducted.

As a second heat, where this_rgeility is not avﬁilable.
tests of protective schemes can be performed on artificial pilot=
circuits which have electribal characteriatics similar gnd close
to practical G.P.0, cirouits, Sevgral’artificial pilotzcirouite
have dbeen génstruoted, for this pufycso. to simulate the

folloiing:-
(a) 25 miles of 20 - 1b/mile, unloaded, .P.0. cable,

This line is constructed of ten sections, each representing
2,5 miles pilot length.

The 1ina parameters are assumed R' = 88 ohms/mile,

¢! = 0,065 pF/mile, and G! and L' were nagleo%td.

. The total loop reaiatance, for 25 miles, ia 2200 o?hs
éiv;ng R/gection ™ 220 ohms, .The capacitance C/section is
- 0.1625 uFe
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(b) 15 miles of 6,5 1b/mile, unloaded cable,

The parametefs are R' = 272 ths/mile Ana cr ¥'0.665 pF/mile,
. This a:fifibiallline compfiaea Six‘séétibhp éaqh.repregenting aieo
2,5 iile §1lot 1ength.: The total pilot-circuif loop résiatance

is 408010hma; thn; giving a resistance R/section = GBQ’ohma.

The oapaéitance O/aection = 0.1625 wF. |

(e) Unloaded 40 1b/mile G.P 0. cable circuit of 20 miles

lengt‘h.

~ For a R'/mile = 44 ohms, and C' = 0.065 pF/mm, thus
giving a. total loop reaintanca of 880 ohma for 20 nilol. This |
line oouprisea four sections eaoh repreaenting 5 mile pilot length
and havipg a reaiatance B/aection = 220 Q and G/section = 0,325 uP.

" Thia grouy of artifieial lines. to simulate unloaded

G P;O. pilot oiruuita, is constructed from half-aections .connected
in tanden by a plug=in arrangament which allows the ahort-
oirouiting of any one or more . of the sections, This arrangement
providos the faocility ot oonneeting different pilot 1engtha
from 2,5 to 25 miles of 20 1b/mile cable and from 2,5 = 15 miles
of the 6.5 1b/mile pilot cirouits, varying in steps of 2.5
miles each, The third artifioial line of the 40 1b/mile cable
providée aimhlﬁtion'over a-range of 5 = 20 miie; pilot length
in atéﬁg of 5 miles, These artificial line oirouita‘gpe- |
11lustrated in Fig. (7,5), which shows also the sections of the




~R:R‘-—V-Rg: 22052 _,‘ C=C,+Clo= 0.165 uF.

- (a) 25 Miles of 20 lb/Mile Pilot Cable

R= R|~PR5= 680 S?_, C= C;""CG = 0. 165 }I-F

(b) 15 Miles of 6,5 1b/Mile Cable

R; I Re I R3 !
“T CzT, CsT IC* |
o— — 4 . —0
R=R—+R3=2202 , C=C»l4=0.35
(c) 20 Miles of 40 1b/Mile Pilot Cable

Fig, (7.5) ARTIFICIAL PILOT CIRCUITS (UNLOADED CIRCUITS)

— Ty
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plug-in arrangement as well as the values of the capacitance

and resistance for the different compénents.
Table (7.1) gives the total capacitance and resistance of
each értifioial circuits, together with the calculated values of

a practical homogeneous G,P,0, pilot=cirouit.

Artificial Gipcuits G P. 0. Praotical Girouits
@ W @ @ ® (e
R R 2300 4050 - 860 12200 4080 880
C uP | 1.65 | 0.99 | 1.4 0 1.625 | 0,975 | 1.3
LmH, | = - 125 | 75 20
aple (Z, l Compariaon between Artificial and Practical

G.P, o. Circuits (Unloaded)

(a) 20 1bv/mile G.P.0. circuits loaded with 88 m,H,

coils/2000 yards, Two artifieial circuits are conw
structed to simulate 5 miles each, Each circuit in tum

comprises 3 seotions,

(e) 10 miles of a 20 1b/mile cable loaded with 88 m,H./
2000 yards. This circui% ils oomposed of aix sections
of the same type mentioned in (d),

The above three artificial line circults simulate a

20 1b/mile G,P,0. loaded oirouit for pilot-lengths from 5 =~ 20 miles,
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in three stapa of 5 miles each.
Theae artificial oirouits are constructed using. small air cora
, ’inductora. resistances, and capacitances. The air reactore are
.'constructed of 38 S.W.G. wire wound on bobbins illustrated in Fig.
(7.6){

coils,

The figure shows also the characteristics of thg inductor
These inductors simulate the effect of loading coils, their
inherent- resistance has to be accounted for in the total raaiﬁtgncé
of the line, o | |
Eié. t7.7) 111ﬁatratoa these three circuits and giyaa the
* values of the components, | | o ‘
Table (7.2) shows a comparison betwaen the total capaeitance, :
roaistance, and inductance of the artifioial lines and the values

of‘ogloulated practical @.P,0, oireuita;

Artifioial lines

(a) (o)

‘Praotical G.P,0, Oircuits

R @ | 5763 | 576 | 170 || 460 | ‘460 | g0

0 uF | 0,315 | 0315 | 0.6 || 0.325 | 0.325 | 0.65

T moHe [ 354,5 | 342 | 694 || 392.5 | 392.5 s
. . ‘ - . ‘“x;..n'u q;_: .

JggugLJtLgal Oompariaon between Artificial and Loaded
T GePe0. Lines

All the artificial line units can be oonnedtéd ih'aoriou.f‘




120

1o

100

O
o

o
o

3

INDUCTANCE {(mH)
wn [# 2]
(»] (=]

FS
o

7]
o

20

"

'.l/i,‘,
i

' &\(‘:

U
WOUND W!TH 38

S'W.G WIRE
INDUCTANCE OF COILS
WOUND ON BOBBIN SHOWN.
! .
1 : 1 L
1000 “ 1500 2000

NS OF TURNS
’

FIG.7. 6. LOADING COIL FOR  ARTIFICIAL

[ e

GPO. CIRCUITS - DESIGN DATA,




. 595mH usmH WeSmH 605 mH
mwmnﬂammquhqmva *mmﬁn@
":CZ:“ G ’“:-‘~‘ ‘ “‘rc

-0

635ﬁH  uemH  pemH - 565mH
: | U lgmaan, anAT Lo
T om 2 1 T e

| .Cj*‘“'cqf ¢

C=o0-lo5 AuF. B

(d) "Two" 5 Miles of 20 1b/Mile Loaded Cable

somH 120 V"H o 120mH  NomH  UgmH  \smH  BomH
. _ J B : ; ‘ \ y
tE'{H?. 18752 | j2o: \

i e e e

'C“ozﬂP

(e) 10 Miles of Loaded 20 1b/Mile Pilot Cable
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or parallel if necessary, oombinétiong to provide a Ia;ga and
wide péasibie iimits~of‘iengtﬁ and of asymmetrical p;1¢t‘o1rou1tq. |
-_Thaaa afﬁificial‘oireuits aréAccﬁnedted together wifhéut inoluding
- any matob}ng devices to simulate as much as possible p?eaggt G.P,0,

praoticéa

7 5e 2 Hoggtigg and Aasamblz
The artificial pilot lines mentioned in the previous sectionm, . f

wore gaaombled and mounted on two units., Figs. (7.8 and 9) show
complete views of these unité.- The plug-in srrangement and the
connections of the différent aeetioﬁé of one line can ﬁe affected
from the front panel, as shown in Fig. (7.8). 3

The connections Tor the two terminating enda of a pilot
line are senerally carried from the baok side of the unit.
‘Fig. (7.8) shows also the two pilot-line 1solating transformers
conneoted to the two ends of a line, Thesa transformera form a
part of the differential bridge arrangemant desoribed 1n
~ section (8.8), &
 Fig. (8.9) shows the artifioial line unit which was

~designed for the early stages‘dr the inyeatiéationh;

7.6 Reliability of Pilot Wire Cirouits
The reliability of the pilot link is an essential part of

the reliépility ofwany-pilot;uire scheme. However, any discuassion




FIG. (7.8) ARPTFTICTAL PILOP-LINES.

F'ront, Back and Underneath Views of the
Artificial Pilots Unit.

Pilot Isolating Transformers are also
shown. '

1TGe (7.9) ARTIFICIAT PILOTS UNIT
FROWE _AND REAR VIEUS OF CHASSIS.




FIG. 7.8.
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on pilot wire raliability 13 closely attached to local oircumstanoao.
In general private piloﬁ oircuits proved to be of higher
reliability and they are less exposed to failure due tp human
intervehtion. _ | _

The porfo;mgnoo of P,0. or 1eas9d,pi1ot cirouits gppanﬁa/tp ‘
'a great éxfgnt\oﬁ lpcal qonditiohg, .8« high fault 1n§idonce in
areas iubjeéted to flooding - efc. The reliability. bf P.O.
circuits depends alao on available pilot route where nain trunk
~ oircuits give high record of availability than long 1oca1 tenuous
circuits, | | |

Howovor a penatrating aurvey study of the problems associated
with pilot-uire rolaying was carried out in the U, S.A.( 4). bauod
on the use and exporionae gainad over a large nnmber of joaraa
The avnrago outago time of lealed cirouita is quoted ai 4.5
houra/oircuit/&oar. However the nunber of outageu/cirouit/yuar
is 1.37 and tharefore the peroentage availability ins. 99 93%.
This percontage availability repmeaents outage time of 6.1 houra/
oircuit/year for all outagaa, planned or otherwise, Thg
result of the survey indicated that the availahility of leased
pilot-wire circuits are very»high indeed; | |

bﬁ probability basis, the’dutaga of a pilot oirou;t would
be d:pooted‘to add only 0;07’p§r99ntvincorrect'operatipns to
those due to all other oausaa. | | ‘

In the UK, the tiguraa publiahed for thc availability for
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G.P.0, circuits is also quite high. The average outage time is
about 15 houru/cirouit/&ear. although in some cases an'averaga as
high as 22 hours/oircuit/year(15) is also recorded and the number
of outages/circuit/year ia about 2.5 + It seens, howeven that no
‘full record, to the Author's knowledge, ahowa exactly the availability
of G.P.0, circuits at time faults, i.e. the coineidanca of pilot-
circuit fallures with the oeéurience of faults on the pgwer.syaten
which would be & correct measure of this svailability, Other
figures would be classified under prob&ﬁilities.

The survey( 14) carried out in the States is a thorough study
for pillot-wire relaying from the applioation view point and
similar study would be useful to asseas the availability of G.P.b.

circuits for,protootion.h
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CHAPTER

DESIGN OF TRANSISTORISED RELAYING CIRCUITS

6.1, Introlustion |

In the protective schgme devéloged, all the relaying functipnb -
are_performad by transitorised circuifs which are eﬁqigised, in the
first instant, by»signala derived from the fault current. These
‘circuits are connected and cascaded in such a mannér,'dascribSd-in'
Chapter 2, as to produce the overa}i required,ﬁerfprmance.bf the
schene. | |

Transistorised circuits offer attractive advantagaa.#hich
include small size, small weight and ver& low power consumption.
Static relaying devicéa, as #hose employed here, are also not prone
to mechanical shocksgor vibrations. | |

A éqmmon feature of these transistorisedscircuitry is the
adoption, from the early s tages of the investigations, of onelcdmmbu
power supply rail at =10 Volts D.C. . This is based mainly on
_economical reasons. Easier circuit designs coﬁld have beeﬁ achieved
by adopting power supply rails at (-10 V, 0,and +10V). Bearing in
mind;,hcnger, the‘poagibility of providing therpcﬁer supply, in
field applications, from statioﬁ‘batteries'a single voltago_le§31
(=10V) is thdrpfore preferablo‘fpgvcid complications. The
possibility of providing seperate power suppliéﬁ”for‘ths‘final
tripping ‘stage as wpli‘as for the differential bridge circuit, if
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requiréd, is also considered.

Pransistors in the relaying'circuits are used as saturated
amplifiérs, or as syifchas,‘hencé_minimising=instability risks
and drift due tQ teﬁﬁerature~and power supp}y variétionse' '

Simplicity and economy are fhe two aims to be achieved in

the design of the scheme circuitry.

8.2. Sguaring Cirguit
The function of this circuit has been explained in

gec. (2.5.2). ‘It produces square-wave outputs of unity’m&rkltp
space (M/S), when an A.C. relaying signal, réprésenting'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.
slgnal ahouid be free from any unidiractional compunehta."“This
has been considered in sec. (3.6), and it is concluded that the

 output voltage of ironless~core C.T.a is_almoét‘frae,“from the
practicﬁl viewpbint, from unidirectional transients.

The aquarihg»eivcuit should also have a 1ow;inpﬁt'impedanca
for reasons described earlier in sec. (6.4.4.). An-immediste

" answer would be the use of a transistor circuit m,,.th.‘(s.1), in
a common baqe configuration.

»Sheh a ciroult offers the 1oweét input But”highwst output
impedances. Th@»current gain'"a“ is & little lems than unity,
voltage or'ﬁower gain are therefore due to the‘autpmt/input:'4

impedance ratio. Other advantages for adopting this cirouit




Input

o 17— ‘ | — (b) Collector of T,
Vee
= R S
0 —-—i —. { _..—.—(c) Input Voltage to T,
= 1=
V“I_Q i + 1 .1 * 1 (&) Output Wave Shape

(B) Wave Porms

FIG, (8.1) SQUARING CIRCUIT.
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| configuration aie, ite (V, versus Ié) linear characteristics at very
amail values of ouftenta and Goltagés as well as a very small
collector lodka;o current I,q. _Thaéa characteristics, i.e. very
low Ioo, and "o being loss than.unity; make‘such"aFGirouit
inherently temperature stabilized. Other transistor-ciroult
configurations with compensating elements, coul&?hardlyﬁapproach"
such a temperature stability limit, |

The input voltage to the om;tter of Ty, Figs“(but). has to
overcome the forward resistance of the emitter to" base" Junction
befors aﬁy eollocfof current utartslflowing, (for pen=p-transistor
on the ydnitiva half cycles of the input #oltagc);“igc:“da:tving L
to conduction, - |

The collector of T,\thuﬁlﬁttains‘a.voltagu'deponding on the
magnitude of the baao)ﬁotontial} hoglecting thegrtntaﬁtlfvoltage
(Vec) of the tran.iato¥ when boﬁtomad. The colleoctor attains a
volt#di ADProX. oqualrfo (=Voc), if the collector leakage current is
~ neglected, during the negative half oycles of‘fht”inpnt‘voltigi“»
waéofor;. Hence ﬁho collector of T, wiil rollbi"tluolt“aHaqugre‘
vave having a magnitude (Voe), Fig. (8.1B), as the input signal
pasaea fhrough its zeroApointa.. ' |

To aohi;vo a‘unify mark to space ratio for the wave  shape of
T, and o eliminate the effect of the forward voitngivor ite
enitter/base aﬁanion, the base of T, was blased slightly negative:
throughnn§‘inn R3. - The biasing resistance R, is’shuhtqd”by a
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condenser C, to reduce its effect in increasing the A.C, input
impedance. :
The yalue of R3 is chosen high enough not to - cause-sny

appreciable drain on the power supply. Then the“valﬁe'of“R,

could be easlly fixed to give the small amount of negative biasiné.

required. The circuit is also designed that if Ry~ is-adjusted

for the lowest possible setting of input signal"tO"givema“unity

mark to space ratio, then this value of Ry will be also suitable

for the-highest~aetting to be reached with a departure of not more
than 4.0% iﬁ the mark/apace ratio. The range of“the-aattinga“bvgr: '
which such n erﬁor oéeurs is about 1:100, \

Transistor T, is oﬁerating a8 a saturated ‘amplifier-with half-
sinusoidal voltagé ;nput‘eignals. Thérefore thémaquaraawave-output*l
of its collector would ;n-fact be a part of a very large sine wave,
its amplitude is determined approx. by the prqduet*ofwthawnmittar“°' -
current and the collec#or loaﬁ R,. At very small input current

settings, the chénge of state of the saturated amplifisr“ia“notf“

fast enough and this leads to the introduction ofanother stage

composed of transistor .T,.

This secgnd stage is compdsed of a transistor T, in the common--
enitter configuration which gives maximum power gain, this-being
one‘reaaonlfor its use 1n_most switching applicatioﬁsw* Ancfher
reason is the fact that it requires minimum.inpthpowbr”towswitoh

the. traneistor from cut~off to fully conducting steote and vicesversa,
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thus eliminating the loading effect on the firsttransistor T,. -
In sec. (2.5.2.), an arrangement for oontroiiing“thgwunity“'

"M/S" ratio of the square wave by the use of a zero-level-detector

followed by an invertor stage is discussed. The level -detector is"

similar to the type described in sec. (893.39)."“thamproﬁedure“haS”

proved to be not essential, as the performance of the  squaring. .circuit,. :

" as it stands in Fig. (8.1 .) is quite satiéfé.o1:oryx:wrth""a"'devd:atibn“
;with:m + 4% over the vhole range of settings.

Fig. (8.2) shows the input wave shape and’ ths squaredwave
output of the circuit for different values of input-signals, from '
minimum setting Fig. (BfZA),‘to a value about 40-times setting in
Fig. (8.2?). The variation in the mark/space ratiomcﬁulg“hardiybe
noticed. [ }

This second stage transistor T,, Fig. (8.1), 15 driven
~from the cdllector of T, through C, to give the"collebfor full
swing. The capacltor ¢, discharges inatﬁntly throughdiode-D -
on fhe positive half cyocles of the collector swinﬁv“ '

It 48 clear that the output square wave, Fig. (8.1B), is of
unity mark/space an¢ has an opposite polarity to-the input wave |
signal. _ o :

8.3 D z r S ¢
The atartiné circuits mainly function, as explained in

eee.'(2.5.1.), in the scheme developed, as fault detecting elements.

-----




8.2) BEHAVIOUR OF THE SQUARING CIRCUIT.-

Input and Output Wave Forms

(A) at ninimum setting.

(B) at about 40 times setting.
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3

They are deaigned to respond to the magnitude of* the positive~
| sequence component of the fault current to detect balanced faults,

and to the magnitude of the zero—aequence component 'to detect fault

conditions involving earth. They produce .starting signalato -control =

the cpincidence/phase cbmpgrator circuit which in turn controls
the fripping circuit. The.absence‘of these starting-signals -
inhibits phgse compariéon, between the square-wavea“isprenonting“'*
_ thelphase angle of the currents at the two ends of the protected
‘section, from taking\plaoe.
. The starting circuits arrangement is illustrated-in”

Fig, (8.3). It consists of two. identical transistorised-circuits. -
Each c;rcuit ia»compoaed of four main parts, namaiy;“an“igput
amplification stage, followed by a half-wave rectifying and
amaothing whioh is followed'by"# level detector of ‘the emitter -
couplod type. The final stage is simply an invertor- ‘combined with

(OR) gate arrangement for the two starting cirouits:  The
output of the gate is fed through diode D3 to the coincidence-gate.
The output of the atarting olrcuits is in the form-of a voltage" |
step, i.e. a sudden change in voltagé 1eve1} as'soon*ulwthn‘ihpﬁt

signal  to the cirouit reaches a predetermined v&;ua.

8.3.1+ Ihe Auplifier

The input signals, which are proportional“tu“thc“ponitive*"
sequence and the zero-sequence compoﬂeﬁta of the"fault current, as
explained in sec. (6.4.4.), &rg-applied_éach to“ona“ofﬂthgwatarting'

circuits,
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The input signal is applied to the base of tramnsistor-T,,
Fig. (8.3), where the signal is amplified in a one ataéé amﬁlifiar Bt
of the common emitter typa'%hiéh hasg a rather high current gaih-p.

The voltage gain of this stage is controlled by:the“values“ofmn,
and R, or by the value of R, provided the emitter cirouit
resistance R, is kept constant.

The amplifier of starting circuit (1) which responds to the
magnitude of the positive sequence components,'i&"deaignnﬂ-to saturate
at high input:vaIEOaKcorrespondipg to multi-~-phase faults, ' This
means that if:tﬁéffdﬁlt,currant reaches a certain-level-the -
amplifi&r operates as a switch and its output is-mear-in-fornto-a
aquaro-w§ve. : |

On -the other hand, the aaéond starting ciruuitmbpefated“from“““t
the zero sequence component of the fault current;-is-adjusted by
desigming the opeiatiﬁg ﬁoint of the amplifier to-cause saturation
if the zero-sequence input signal reacheg a very“iuw“1avei“deter-
mined by the hﬁfmonioq and the errors préduced from-the segregating
networks, sec, (6.4.3). |
_ Tﬁg output of the amplifier, for either of-the-two-starting
cirouits, is taken from the collector of T,, Fig. (8.3), as an
amplified sinusoidal wave for small inputs and almost as square=
vave at high input levels, through O3 to the half-rectifier-stage:

o reduce the efreqt of temperature variations-on-the
amplifiers, silicon tr;égiators are used and prdvcd“tombuwsutisfactory

i
N
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without adding complicgted temperature compeﬁsatiﬁg‘cjrcuits._

8.%.2. Rgctiﬁ;gat;onAStage

Since the input signal to this stage is an A.C. one-and-in
order to operaté a D.C. level detector to determine its amplitude,
a'rgctification stage has Been iptroducéd hetween the amplifier - -
. "and the level detectqr.. | _

fhe input signal to the starting circuit is-rectified by
D,, Fig. (B.BA),.aftqr-being amplified in T,; This'haifawava‘“
rectifier allows current to fléw on n?gative half-cycles-only. -

During positive half-cycles the current flows through - -
diode D, thus diséhhrgihg the coupling bapaditor'Og”to'a"very”""
small positive value equal to the fprw;rd residuai*voitago“drop """
across D,. Alternafiveiy, during #egative half;cynieswcurrent“
flows through D, and by proper cho;cg of the values' of Cj and
Rs, neglecting the shunting effect of (R6'+ Rst)” on Ry5; -the
maximum allowed value of the ripple could be determined. 'The -
forward rééiatance of the rectifier D, shoﬁld be taken into
considerat%on. - The oriterion for the maximum ripple-value, could
be demonstréted as follows:-

In order to obtain rapid Tesponse, i.e. to minimize-delay, the -
time constant Rp, C4 of Fig. (8.4), should be as small-as
possible; while in opder to obtain min;pum ripplein the-d;ec.
output RsC4 should be as large as poqgible. _Iﬁ"vthar*wordug'IOW"

value of C4 gives faster reaponse and higher percentage of "ripple,
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and v;ce-Versa. In this case; sz\is, in fact,“very“sﬁalllbeiﬁg#5 
the forward resistance of the diode D,. The time' constant-Rp,C4 is
much smaller than.R504 qu thergfore'the charging time“ofw‘ |
capacitor C4 can be negiqctéd |

The discharging timq through.R5, assuning (R5:+R§§)-vary"1ar§é“'-
w.r.t. Rg, should be equal to a period “T" of one-cycle, ° | |
‘ The output voltage- after time to = T/4, which- 1a~rapeated

every cycle, is given for tha first periqd hyx-

-(t-T/4)/R594:

VQ." = -’-V;mx’ e & !. . '...."5;""(“8..1)

ihe:e : T/ 4 <t < 51/4

It can be aeen that the output voltaga i¢ not- thnrnfora compoaed of -
a constant D.C., but contains an amount of ripple- voltagu T givan o

bys=-

vr = vm -V esnvee (8.2) .

aXo min- |

whers .V, . 1s the paak value of the A.C. voltage V, , and V, -
is the instantaneous value of the voltage v, given-by-egn-(8.1)
when ¢ rﬁachéﬂ.aVVQiug between T and 5T/4, Fromﬁgqnw(e;g), and- -

at t = T it follows:i~

~3%/4 RgCy
vl:[in. = -Vmax.g ' . .3...j-_(8=.3‘)
and for t = 57/4, it gives:- | |
-’I‘/R504 : ‘
vmin. - -VMx’ e \ 200 (8.4)

o | . V




219,
‘ ry " . 1 : A
An average value v nin. between vmin. and vmin wpuld represent
approx._the actual values~
'7T/BR5°4

4 Hence eenee (805)

vmin- = "vméx. e

- Since this rectified output is applied as input to the-level
detector, of the type described in sec. (8.3.3.);~it“ia“tharofor?'

essential thats-
Vp - V4 ;;;lV§m"+ ipp + By essve{86)

'yhgrp Y@ and Va are the level detector pick—ub andmdroﬁuoff;ioltaggsf '
respectively, Vom is the ripple voltage et marginal conditions, ~
i.a..whan..Vhax,A= Vps;ibm>i§ the bése}gurrent,'at min, éetting,-\
. requiréd‘to operate transistor T, -of ﬁhé level detector and Rp

is the equivalent base circuit resistance ofiTg.

8.3.3. Level D Cirouis A

This circuit ia"aesignéd-as4évtriggar cirouit to respond to
the value of thé-iﬁput signal and to produce g‘stoppid output whioh
is red,‘afterhboiné inverted, to control the cbincldenoo cirouit
sec, (8.4). The level defeetor éircuit is of the emitter ooﬁpléd‘
type, its basic arrangemenﬁ is shown in Fig, (8.5);  The two
posaible atable etate5 of'the circult are céntrolled by the 1nput_
voltage level V,, i.e, the change from one stable atato to the
other occurs as the input voltage V, passes through a prodetormined

- valup. Tho two transietors T, and T3 are coupled in a non=-
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symmetrical way. A éoileetoreto~base coupling is used from‘i;uto
T3, while & common emitter resistance Ré.complétbs 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 V, is negative but not enough to cause T, to be bottomed,

i.e, T, is off. 1In aueh‘a condition T3 is in a state ‘of conduction,:

it is also assumed that T3 is not biased into saturation,

Neglecting the collector revafse leakage current Igg of T, &

. certain voltaga level is set across the ‘common emitter: raaistance

~ Re due . to the eonduetion of the transistor Tz. If the input
voltage V, is increased negatively beyond the common emittexr: level.

T, starts to conduct. Vith both transistors conducting, lpoP re-

generation causes T3 to cut off\quicklyov,With T3“in a non=conducting -

state, T, would Operaté at whatéver'point the 1n§u$rvoltaga V, sets -
_itaelf-accbrding to design. Whérever the opéraiing'poinx-of T,

on its 1oad line may be, the. output “taken from collector of T will
not be affected since Tx is out off.

’ However, if the 1nput voltage raducea its negative value such
that the base of T3 is more negative than the common euitter -
voltage, T3 would turn to conduétion again and loop"regenerative
effect leads to drive T, into non-conduction state. |

The two critlcal values of the input voltage levelu;(Vp;“l B
pick-up voltage and Vg, drop=-off voltéga) diffar~an&@-ﬁhgrefora,w-

the cirocult exhibits an inherent back-lash or hyatareaip}*and"fdr"
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input voltage levels between Vp and Vg, the ocirouit .can be in either
one -of its two stable states,

When T, is cut~off the equivalent éircuit"could_bo"rapreaented
-as shown in Fig. (8.64). T, will start to conduct when-V;exceads
Ve3 negatively.

The pick-up vcltage p ia thén equal to Vg%« Neglecting“Ico
of T, and taking Vb, = Vp + Vpe3, thens- |

Véc Ri3 = (Ic3/35) R13(Re,+R,,)

‘ senen (8c7)
. 1 )
and vp = Re '-E% . T esane’ (8.8)

vhere a3z and B3 are the gain of T3 in qommoh emitter and common base

configurations, respectiveiy. | |
When transistor T3 is cut off end just about to conduct,

i.e. when the input voltage V, equals the drop-off voltage/Va, as -

. iﬁ the equivalent cirouit of Fig; (8.6B), it foliowp”therefora,

thats=
Voo = Vo, = (Io, + I) Re, |
. ' . T es e (809)
Ves - Vo, = (IRy,), Ve, = (L.R13) = (5hR)Re
Hence the input voltage V4 = Ve, +.nga ,‘ eress (8410)

The difference between the levels of Vp and Vd determines-the
sensitivity of the clrouit as a level detector, minwo:dnrmto*roduoo4’
this inherent back-lash (i.e. to reduce the difference between Vp - -

and Va). Bither Vp is reduced, (i.e. becoming less negative) to
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FIG, (8.6) BQUIVALENT CIRCUITS OF EMITTER COUPLED
LEVEL DETECTOR
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appfpadh Vd by adding a resistance in the emitter circuit of T3.
Alternatively, this can be approached by increasing va (i.e.
becoming more negétive) to approach Vp. This could be achieved by
introducing a resistance in the emitter circuit of T,+ These
methods of introducing resistances in either of the emitter circuits
of T, or T3, in order to reduce the hyateresis, wouldmpro@uoe
‘series negative feedback, and ﬁence a reduction in gain. To rastore“'
partially the gain during transition, theae emitter roaiatancea
should be shunted by capacitora. Using such & method to improvoifﬂw-‘
the eenaitivity of the detector, care ghould be\taken“tc~nnaﬁre
- that as the drop-off voltags vd approaohes the piok—up voltagd ‘Vp,
no risk of 1natability ahould oocur,

In. the particular applieation of the level detector as part
of the starting circuit, the pick-up voltageAia ‘adJusted slightly ™
- more negative than that of the drop—off. This allows for some
peroentago ripple, as desoribed in tha previous section; and avoids
instability, "chattering", under marginal conditions. The
"dirference‘ﬁetween Vp and Vd is controlled by inmerting resimtance
_Rg, Mg. (8.3), in the emitter ciroutt of

The'sanﬁtivity of the cirouit with respeqt‘tU‘thewinput‘
signal is improved by superimposing a negative bias at the base"
of T,. This is provided by a potential divider Rs/(Rg + Rgt),
Fig. (8.,3). The value of this bias,.when Ta 1a"out~6;f;ﬁiu“maﬁo'

variable over a reasonable range by changing Rgy. The maximum
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magnitude of the biasing voltage can be made just equal to Vd, the
drop-off voltage of the level detector.
The maximum biasing voltage Vb, when Rat = 0 and T, being

cut~off, is given bys-

| ™= TRy W conse (8411)

The effect of this biasing on the output of the rectification
aﬁages\sec, (8.362), would be eqﬁivalent to shifting the zero lin§ in
a negative sense, or in effect to changing the value of t;e lowest
setting to which the level detector responds, i.e. increasing or
décreaaing the overail gensitivity of tﬁe combined rectifien/ g

detector oircuit.

8.3.4, O s R) Gate A

An output stage has been introduced, followihg the level

detector, to produce a stepped output signal. This voltage signalu‘ :

changes its magnitude @ auddenly‘from ~Vee to alﬁost Zero levea,as

soon as the magnitude of the input signal to the amplifier stage
reaches a predetermined fhxashcld level, This output’aignal is
emyloyéd as a “1a£ go“ signal for the phase comparator circuit. Its
absence inhibita phase comparison between the currents at the two A
ends of the feeder, as mentioned in 3609(2.5.1)} and explained in
move detail in sec.(8.4).

F:om the previous section it hes been eatablished that the
‘output of the collecto: of transistor Ts, Fig. (8;3), acquires

two stable states, namely either at approx. (=Veo) or at

e




224,

-(Voe = ch Ro3) depending on the input signal magnitude. Both
‘these two levels are, of course, negative and neiéher of them ia at
‘zero level due to the nature of the coupled emitter circuit which
has ‘a common emitter‘voltage Ves = Re 9-253 ; To obtain a step
~gignal “having an amplitude of =Veq to O, another transistor Ts

of ‘the common emitter configuration is introduced as a eaﬁbinéd'”
output/(OR) gaté stage. This transistor T4 is operated. from the -
level detector described in the previous section.

The resistance Ri4, Fig. (8°3>, in the basumcircuttmofmT¢~'j‘
is made big enough to make T4 just cut-off when‘Tg"famcondnttingxgm“
Any negative incre#se of the collector voltage cfwmsmwould"uauigu”

- T4 to conduct and the voltage of its collector will-be-the i
residual voltage across 1t, which is small enoughtobe considered
at zero level. ‘

As the output voliage of the level detectofWiB”in“tha“form““ '
of a step, a shunting éapacitor 014'acroes R4 helpnTtO“ﬁpaudmthe
switching operation of T4. The resistance Ryg is“giaU“addad‘for"
mtemperatufe variation stability as well as helptng“tu”turn“rg“tO“*
the cut-off astate.

The output of the invertor T3/(OR) gate circuit-is taken-from-
its collector through a diode D3 which allows 6urrent“t0"rioW“un1y
when ‘the collector voltage is negative, i.e. whan‘T4-is;cutHoff;

?ha protective scheme developed comprises-two-atarting - -
circuits as fault detecting elements,

Hence, it_ia necesaary(to provide a gating arrangement for
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the two stepped ogtputs froh the starting circuits to control the
coincidénee/phage comparator circuit. This gating arrangement
=a110wsmefther éf the:fwo outputé to reach the coincidence circuit,
i.e. in an (OR) gate arrangement.

-~_~Ldvantage is taken of the pfesence of traneistor T4 a8 &
* combined invertor/(OR) gate, thus economising in the number of
eircuit eluments; In this arrangement the two transiatorsym4,'of
the ﬁwo'stafting circuifs9 being in an earthed emitter
configuration, are joined to have a common collector connection-at
Ry5, Fig. (8.3), where the output is taken., |

The-output point would atﬁain é Zero voltage“lever"if“aitﬁer

of the two transistors T4 is conducting and has"a*vulfage”vhlus of
approx. (fVcc) ;f both are in the cuf—cff‘state.’ Thta'stappad
output voltage is used to biaaAthe 6oinoidence ciruuit“or"ﬁamun“
inhibiting signal yo the phaaé oomparatqr and in-speclial-cases
“of'pilot-link‘failurepJis required. to initiate tripping“as“gxplgined’~

in sec. (2.5.4) and in the next section.

The coinoidenca/phase comparator circuit followed by the
tripping circuit constitptea the main rqlaying element of the
pfotective scheme.,

The main funcfions of this oirouit} in the‘developedﬂsphémé,

are desoribed in sec. (2.5.4.).
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The baeic arrangement of the coincidence/phaee comperator

circuit is shown in Fig. (8.7). |
 Three inputs (1), (2) and (3) are fed through diodes D,,

D, and D3, respectively, to the base of transistor ‘T%, ~Input (1)
is fed f:om either of the ogtputs~of the starting circuits, as
explained in the ﬁrevious section, and is normally having'a negative‘e
value<of approx. (<¥ec). This input, therefore, maintains
transistor Tj‘in a conducting state, irrespective of the ‘other - -
two inputs (2) and (3). |

When the etartimg aircuit ehangee stage. i.e. piokeﬁup,
input (1) attains zero potentiel,‘thereby allowing phaeeleomperieon,\
to take plaee‘between tnputs (2) ana (%) becauee”of“%heif'h.c. ’
coﬁpling nature fo TS- Input (2) 1e iﬁe equareewuve-ﬁerivedifrom
the local end current of the feeder, after being appropriately
phage shifted. ~While input (3) is another square-wave received
from the remote. end of the feeder, after being properly reshaped.
When elther or ‘both of the two square-wave inputs are negetive,
" 'transistor T3 will be in qonducting etate, provided: 1nputv(1) f
is gero, It 1a;e1eer. of course, that if both inputs-(2)-and (3)
are pdeitive or gzero, Tz will be in cut off state, provided
thet~input (1) is already zero.

This gating arrangement produces an output train of‘negative"'
pulses, at the collecier'of‘mg, with a/pﬁlee duration equal te~the
overlapping angle o° between input (2) and (3)(“‘The“angle "O“Aﬁeing
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the departure;of the a_square-wave.inputs f;om the antiéﬁhase 7 A"M S
: pésition,.aa shown in Fig. (8.7B). |
Since the sqﬁare-wave inputs (2) and (3) have a unity
np/s ratio, then the output puiéés are in the form of a train
360° apart, as shown‘in Fig. (8.7B and .C), .
The pulse‘produced.by this circﬁit at the'collector“of“T3 ‘
has a magnitude of O to (-Vee), i.e. transistor T3 acts also as a
pulse amplifier, which is anothefladﬁantage gatned by the gating
arrangement. . | »
g Fig. (8.7B) ahpwa an illustration for the“ﬁollector“voitages -
‘of T3 and T4 under three different conditions. ﬁFor"caae*(ﬁ) where‘f‘f“"v
inputs (2) anﬁ (3) are in antiphase Tglie'ébn&ucting~anﬁsm4-ia :
cut-off and for the inphase caéeq(b); Tg‘and T4 -follow the-same
sqﬁare—wavés ig antiphase and in phasg; resﬁectivoly.
8.5. Thg; Trinping Rglgg Circuit
The tripping relay circuit consists’of-a single stage
transistor amplifier T4: shown in Fig. (8.74), | |
The output pulses from the phaée comparator-are-fed-to the.
base of the transistor amplifier\T4 through R5. The-collector.of
T4 follows imﬁulaes'qi oppoaite‘polarity‘to thdae'of“the~coﬁparathv
»output, i.e, éurrant pulses which flow4through‘the"relay-cails
have a &ﬁration "' as shown in Fig. (foBIB). A-shunting condensen: 53-
05, added across Rs, helps to speed switching of T4+ - The |

- resistance Ry, is added to minimise temﬁaréﬁure variation effects
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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. In érder to obtain a minimum-overall:
operating time of the scheme, this telephone relay must be drivem -
at several times its pick up and should have a low inductance
ratio circuit.

It would be more suitablé for field applications if special
power supply differénf from those of the relaying circuite would
be use&'fOr the tripping émplifiér. Gomparativeiy“higher voitage“'
power supply and higher voltage rated transistors-can-then be used..
This power can be supplied from & special station batteries-divider.

However, in the schene developed the telephone relay used
is derived from the same power supply as the relaying-circuits.

The relay tripping current appears as a train ofmpulsas“360°
apart, as explained 1n‘the previous seotion. In“the“caae'(b),
Pig. (8.7B), where the two inputs (2) and (3) of“the-comparator
are in phase the relay ocurrent is in tﬂe form ofa square-wave,
or the duration of the relay current pulse is maximum, ité. 180°,

The direction of the dlode D4, across the relay-coils, is
such that current can flow to prevent only the decay of the flux
in the relay ocore, the rise of-tha flux being unimpeded,  This
(slugging) diode has the advantage of perpetuating therelay-coil
current dufing the dead perdod or the dead halfwcycles in' the

inphase case. ' : ‘
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A variasble resistance Rg4y is connedfed in meries with relay

coila 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 Rgt =0, the-
, mfnimum pulse-width (angle) to which the relay responds can’
be found from the relay pick-up VA and its coil -inductance/
résiataﬁbe'ratiﬁ. Thelintroduction of éenaitivity"cbntrol ~~~~~ Rpt
would increase this minimum angle since the relay-operates on ‘the
average VA value (inegrated) over the whole cycie;“'Thepdiode
D4 tends to increase this average by'kéeping‘the“reiﬁ&‘current;
flowing during the whole or part of the period when transistOA
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 twq'availabla wiﬂdings‘oﬁ“tha' |
relay coré. | | |

Since the relay tripping currant ADPpears as a” train of
pulaes 360 apart therefore the rate of tripping of- ‘this auxiliary
relay is variable according to the instant of appearance of
the fault;bﬁt‘itvwill aiways.be less than one oyc&e*frbm"the

appearance of the first relay current pulse.

8.6. ZEhage Shifting Cixcuit |
The function of the phase shifting cireuit is to produce
an output wave shape iagging behind the input to the bircuit

(or délayed) by a certain angle ccrfespo;dihg to the phase shift
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over the pilot circuit. Fig. (2.1) shows that the input to this
circuit ia provided from the squaring circuit° In fact, many
}«a&ternative arzangements can produce the same result, i.e. é'
lagging signal to the local end one. This was firaf fried‘b§
amplifying the A.C. signal obtained from the output of the
aeg:agating_networks, and then phasa shifting this A.C. signal
by gdnventional phase ahifting networks. :Two circuita uete
developed for this purpose. | | |

- The first is of the bridge type, shown in'Fig. (8.8A). In-
this bridgé circuit arrangement, R, was made equalvté“ﬁ,"y R, |
8ay, ﬁnd‘c, haa‘é fixed value. Thé only variabiﬁ“eiamant“in*"“"“
the cifcﬁit is R3. nR3iwas.madé‘vafiabla'err thw“rangu~63—rf233 
in order to obtain a wide range of phéée»ahifta?ﬁ“Hith"a§£ixad“‘
value of C, to give an‘iﬁpedénée at EOVQ/B of aboﬁt"QMGRm“tha$“
phase ‘shift, is adjustable over a rangs about 110% withmo
eignifiéant'changa in the amplitude of the output.~“ A

~ Phase shifts over 90° are not likely to cocur-with pilot
cirouita, usod for protactive purpoaea, for a 1ength ba‘hreen
25 = 40 miles. V

Hoqu?r; ﬁhi@ circuit. like moast phase,ahtfting-devices;
uses a reactive component C,. Consequently, tho“phaée“of“the“;'"'
output vqitage from the network wili depend on thé?frequunny"of the
systém, i.e. the cineuit is fraquency eenaitiva.
Other circuits can be also uaed. using inductive or -

capacitive element® in conjunction with resistive branches.




Fig.

Fig.

(8.8)

(8.9)

R
WV +¢t
v,in
L
(B)
-Vcc
+ WV

PHASE SHIFTING CIRCUITS

eVcCcC

To

RECEIVING/RESHAPING CIRCUIT

>



23? »

However, inductanceaﬁare generally.large and'expanéivc*anﬁwa
resistive/capacitive circuit may prove better an&'cheéﬁo#.
Anothexr cifct;it of the type described in Chapter 6,
sec. (6.3), was designed to produée'a voltage output which can be
| érrénééd %o reach quadréture with its input foltage, This circuit
is shown in Fig. (8.813), where n is a scalar factor 2, 1,
It can be proved that the input voltage Vin is related to |

the uutput bys=-
Vin = Vo /1 + jucR (RBH) L w2e2me 7 ..., (8a12)
For the case when n = 1, therefore

Vin = Vo [1 + SijR - (NCR)2 _7 i.'»'.., (8.13)

Taking for example the case of a 90° phase shift, the
relatiqnﬁhip between R and C would be wCR = 1, substituting
this in eqn (8.13) it followsi-

Vin = j 3V ceues (8.14)

Such a type of circuit has been analysed in some detall in
8ecC. (6 3), and for the genaral cage of n > 1 and wCR = 1,
eqn. (8.12) givesi- |

Viq = JVo (ggtl) : vasae (8;15)

Eqn (8.15) 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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pniy; The magnitude vaj:'ier-:ff:rom"}-i-’%:‘;l at n =1 aud-tehda;to
‘E%E as. n tends to o0, |
| For a fixed value of C and C/n in Fig. (8083)o a variable
twin (concentric)“potentiometer 0perated by the same spindle
provides = widéﬁiaﬁée\of values of wCR renging from equal %o one
for a 90° phase shift to wOR' = /3 for a 60° shift. Since "wC"
;Liq:a éonstanﬁ then"a gradual changé in the value of resistance frbm
R to R would‘ﬁroduce,the required shift over the wholé range. L
As mentioned before, both circuits of Fig. (8.A and B) |
ére freqﬁency seﬁsitive'and in thé particular applioatioh with thg'
develoyed aoheme the input sine wave shape from the aegregating
was affeoted by the squaring cireuit input impedance9 since both™
‘are in parallel. The forward_resistance of the emitter/base
‘Junction in the sQﬁaring-cifouit affects the positive ﬁalfucfdle
of thé"inpuf Goltage iave, Moféover9 since these -phase shifting
“circuita introduce attenuation, amplifioation was therafora
Aneceaaary before and after them. 1
.InAdeaigning these circuits attention shﬁu&d also be given to
the valna of the input impedance of the amplifier following the
phase shifting circuit° This;impedanee should be qqite high
compared to the series b;Qanch nR in mg, ;(,8083)‘, If this is
not the case, the phaéefqhift achiévedvb& the network will be leas
‘“than ‘the simple calculated values givén by eqn (8.12).
All these factofa>present difficulties in using a

sinusoidal wave input to.the.phasé shifting circuit.
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' The alternative of using the local square=wave signal
presents a better solution to overcome most of these problems.
Mqreover,-this arrangement is favouréd becaunge of the faet that
the phase shift prqduced by the shifting circuit has to be equal’
to the shift that the remote end square-wave has undergone over
the pilot=circuit. OConsequently, a phase shifting Qdelay)Acircuit
fo:'the local square wave has heen~adoptedn 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 sha?ed betweeﬁ th§ 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 té produce a signal of the same polarity
as the input; an amplifier followed b& an invertor or iwo amplifie:a |
in cascade would be necessary. Advantage was taken of using two
. amplifiers to produce the total phase shift also in two steps.
Referring to Fig. (8.8C) and sssuming a étep:fgnetion to be
applied to the input of the RC circuit, a delayed (phase shifted)
" output is obtained from the collector of T,.
Assuming that the base of T; has a biasing voltage Vb and

is about to conduct thens-

Vee Ry 4
vb = m‘: . ¢cause (8.163)

where R, 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
voe = Ve (1 = e

) ona;o (8017)
~ The voltage Vp can be made small compared to Vcc and
therefore transistor T, will switch to conduction at a voltage

approx. = Vp which is 2« Vec. Eqn. (8.17) can then be

apprbximhted tos-

ve & Vcc__o'gi ‘

T, starts to conduct and producé an output when vg across

the capaictor C reaches Vp, therefore it followa thats-

Yoot . JocRe
GR R‘ + Ra) cceow (8018)
R2
or % = COR . m"; covoe (8019)

| The values of the resistances Ry, R,, and R should be chpsen
80 that the chpacitor C would charge through R and discharge
through (k, and Ré) in parallel; in less than half the period of
the square wave‘iﬁput to the RC shifting network. The output of f
T, would then follo# the input, and the angle of delay between
them will be:=- |

O? = gﬂ . : soose (802k0)

where T is the period of the square wave input.
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This first amplifier was coupled to an RC composite network,
made of two sections in tandem. Therutput of this cirocuit is
a#plied in turn to an amplifying stage T, similar to Ty.

The signal amplitude, after attenuvation in the delaying
circuit, is enough to drive T, between saturation and cut-off,

R The biasing resistance R3 is made adjustable to provide a control
over thp-"H/S" ratio of the square-wave output of T,.

This arrangement produces a delayed square-wave,with steep
edged output&delayeépbehind its inﬁut by €45 |

For practiéal purposes, the change of the delay angle 0?
is achieved by varying the RC components of the shifter circuit.
'This provides matisfactory shift for practical pilot circuit
lengths within 40 miles.

Hoﬁever, another circuit was investigated for providing a
variable square-wave output delay from (+ %*to - %‘), in order to
cover greater pllot lengths, and its output can be calibrated in
degrees. The main parts of this cirouit and ‘their functions are
described in sec. (2.5.5.).

This last mentioned circuit has a gomplicated design nature
and no aucceaafﬁl design was obtaiﬁed using one rail.powar aupé;y.

The monostable and the integrating circuits require at least two

power supply rails (negative and positive) as well as a gero rail

immune from pick-up due:to switching operationa in ite vieinity,

and ocare should be taken for shielding it properly, if

—

to provide satisfactory performance. The monostable circuit is notiff 
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 , malopération has to be avoided.

Howeveb,'githough such an arrangemeht gave reasonsble
satisfactory pérf@rmance, it is considered: complicated and
uneconomical compared with the RC shifting circuit of Fig. (8.80).
This complex eifcﬁit causes sn error in the mark/space ratio as a
“.result of any departurg in the power sysfem frequency, as well as
‘variations in power supplies and temperature.

Ebrors due to temperature and power supply variations
may be partially compenséfed for, bﬁt'aﬁ the expense of introducing
further complexity in the circuit. The departure of the frequency
of the power system from 50 p/s causes the duration of helf a
cycle to be different from 10 m.s. which is the overall time delay
of the monoeteble, 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. R Resha g
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 cireuit'compenaates_fo:'the:
‘attenuation which the signal has suffered over the pilot cirohi&i
The circuit showﬁ in Fig. (8.9) comprises two-amplifiars, for

raceiving/rashapingv~of the high gain common emitter configuration.

‘-
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The'input to the first amplifier is fed from' the differentiél
bridge circuit, sec. (8.8). This stage is used for amplifying
the received signal and eliminating any spikes or sporadiq pulséa
coming through the pilot circuit. The value of the condenséf Cs,
Fig. (5.9), is made just large enough to eliminate these undesirable
.pulses. The biasing potential divider Ra/(Rg +‘Rst)jupr°Vides a
_very emall biaa~fb at the base 6f‘T,-and Rg is made very small
to allow a very short d;sbharge time for Cg. This controllable biﬁs
feature is to produce an output at the dollectof of a unity "M/S">
ratio. This output is cdupled to the. second reshaping high gain
ampiifier T,. This amplifier restores to the received signal its
steep fronis and produce a square-wave output before applying it
to the coilncidence circuit. |
| Two cascaded amplifiers (or an*amplifier/invertor arrangement)
are neoassafy.to produce a wave having the same polarity (phase) as

: A
the received signal.

8.8. D ) By ¢

The function of this circult is-stéted in sec. (2.5.3.).
Briefly the oirocuit arrangement directs jha.localvend square-wave
towards the'ﬁilot—oircuit and avoids its return with the received
signal which is. also guided by the differential bridge. to0 reoeiviﬁg/
:reahaping circuit.
‘Pig. (B.10A) illustrates the final: arrengement adopted for

the bridge differential cirouit. It consiste of transistors T, and
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(A) Differential Bridge Arrangement Circuit

Bridge Output
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(B) Push-Pull Driving Circuit

DIFFERENTIAL BRIDGE CIRCUIT
FIG, (8,10)
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T3 in a push=pull arrangément with the bridge %ransfdrmer T8.

| T, and T3 are driven by two mquare-=wave inputs having
opposite polarities. The output of the squaring oircuit Fig. (8.1),
is taken through transistor T3, Fig. (8.10B), where transformer T
is connected acroés its colleétor and earth. T, is a pulse
transformer with én earthed cgntre fapped éecondaryo The two
secondary terminals of TA are in antiphase connected to drive T,
and T, of the push-pull amplifiexr.

This arrangement was quite satisfactory, but the pulse
transformer Tp is considered rather an expensive»itimo An
alte;hative way of driving the puah;pull amplifier has ﬁeen used by
taking two outputs from an emitter follower at the output astage
of the squaring c;rcuif. One of these outputs is applied
directly to the base of T,, Fig. (8.10A), while the other output,
after being inverted, is used toh&five T,. The operating pointa
and input signals of the two transistors Ty and Ty, fig. (8.104),
are made as aimilgr as ppusible. Both transistors have equal load R
in their ocollector 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 collector of Ty or T,. Each of ‘these
transistors has a swing approx. equal tqtvoc/a. The voltage
swving aoross the primary of Ty iz therefore, almost equal to Veo.
By the sppropriate choice of the transformation ratio of TR the voltage
applied to th§ piiot cirocuit can then te determined. If a higher
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VOltage, than that determined by the relaying circuit power suppi&l
.(Vcc), is desired a separate power supply can be used for the pueh—-
‘pull‘amplifiereﬂ TB 1s designed as a pulse transformer td produce .
faithfully a wave on its'secondary circuit of the same éhape ag

that impressed on the primary winding.

Two square-wave outputs, 6f opposite polarities are obtained
from the bridge transformer. One of these square wave dﬁtputs is
applied to the pilot circuit through a pilot-line isolating
ttaﬁéfdrmsr Tp,L. and the other to a balancing impedance Zg. The
transformer Tp,1,. is alsd dééigned 88 a pulse tranéfcrmér‘and has a
unity transformation ratio, |

fhé value of the load R in the Eollecto: circuiﬁa of T, and
T, ofitﬁe push-pull stage, determines the shape of the wﬁve'applied‘
to the pilot-cirouit} These resistances R combine'with the apparent
resistance and capacitance of the pilot equivalent'cirouit“to
quh a cirouit having a time constant which determines the
departure of the wave from a square one.

In practice, the combined circuit of the load 'R with the
pilot c‘ircuit will generally be almost that of an RC, even if the
pilot is loaded. This time constant defineé, in effect, the defoiﬁing
action of the square=-wave., If the collector load resistances R
‘are made small enough, fhe effect of different pilot cirouits would
be limited almost to the value of R in the push-pull stage, since R
effectively shunta the apparent p;lot—reaistance.

The balancing impedance Zg, has to be made egual to the
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apparent impedance of the pilot-circuit as seen from the secondary
of the bridge transformer TB.7-A3 in many other pilot-wire schemes,
the best form for this impedance to balance the pilot-éircuit is
found to be a meries combination-of a resistance and a condenser
even for loaded circuits. A variable resistor having a max. value
of 2500 ohme and a tapped»oondensef of 11,0 pF adjustable in stepe
of 0.1 up to 1.0 uF and in steps of 1.0 uF up to 10.0 uF, are
adequate to cover most practical pilot circuits for a length up

to 40 miles.

8.8.1. ZX2llot Voltage Wave Shape

It has been mentioneﬁ in the previocus section that the wvalue
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-circult voltage
wave shapes, under different fault conditions as well as over
different complex pilot circuité.

For the external fault case, shown in Fig., (8.11), the
pilot=circuit was built up of ertificial lines to simulate 45 miles
of a 20 1b/mile oable. This is coﬁpoaed of 20 miles of load line
and 25 milea of an unloaded cable. The constants of these
artificial lines are given iﬁ Tables (7;1) (a) and (7.2) (4) and (e),
respectively.

The two upﬁer traces (A), represent the local and_réﬁote end

square~waves, while the (B) traces show the wave shape over the




CFIG. (8.11) PILOT VOLTAGE WAVE FORMS.

(a)

(B)

(©)

()

(1)
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Switching Operatlon..,
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_ pilot circuit. _Tracés (C) are the same as those  of (B) but for-an - -
extended time base.

In the case of an infernal.famltp_shown in Fig. (8.11), the
pilot~circuit was composed of a 25 miles of unloaded line,

Table (7.1)(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 éhape‘from“being aquare,
i.e. the time constant, depends on the nature of the'piiot,circuifuk‘f
However, it is clear that this time constant increases -as the R
pilot length increases. It has also been noticed that loaded
pilot eircuits would generally tend to give a little larger time
constant thanlunloaded ones,

The middle two traces of Fig. (8,11D) show the pilot voltage -
vave shapes at the local and remote ends of the protected 'section,
(in enlarged scale). The upper and lower traces of Fig: (8.11D)
show the received waves over a 45 miles pilotmcircgttx Thie
circult comprises 25 miles of unloaded 20 1b/mile‘§1ua 20 miles of
40 1b/mile cables. The constants of these lines-are given in
Table (7.1) (a) and (e).

The slight difference in the magnitude of the-two received
wévba, can be noticed, due to tﬁe disymmetry of the pilot-circuit.

Mg (8.11E) shows the pilot voutﬁga 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 herq is a simulated single phaese to earth fault.

However, it can be noticed that the pilot #olfage follows
its normal pattern after the first one and a halfecycle,

This was traced t6 be due to capacitive coupling effects
between some of the stages of the relayihg circuit and ‘due tolanother
factor, not associated with scheme,-from'fhe supply transformer
where a small transient component was included as can be seen from
the top trace. The supply to simﬁlate an earth fault was taken
throﬁgh a phase shift;né unit which has an output transformer.

HoﬁeverD this effect would not geneially be met when the
supply is taken from the linear couplers as their output is
trensient free, sec. (3.5). |

It is also noted that the effeot of the capacitive
coupling betﬁgeﬁ some ‘stages of the relaying cireuitry would
diminish on subsequént'switohing operétione and even so it has
very little effect on the first switching operation only.

When the scheme is operating under normal (hQaltby) conditions,
the relaying circuita dre alwa.ya -energised and continuous com.parison‘
is carried-out bétween'the liﬁe current at the two ends. Tripping
18 then dontrolled by the starting element, as explained in
Chapter 2 and sec. (8°2)°.

The first switching=in operation of the system, under healthy

: conditioné,‘wiil, therefore, not cause maloperation since the

etarting'oirouit signal will not be present. Any change in the

_;
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mark/apacg retio of the local and remote end square-waves, when
switching-in, will therefore cause no hazards.

In cases of switching-in on an internal fault, with single
or double infeed, tripping should take place within 2 ¢ycles.

The probability 6f switchihghin a system on an external
fault, would be the only possible case yhere this effect nay c&uag
some hazards., However, such a case 18 always considered of a

second order risk and is not worth further complications to be

included,

8.9. M : | R c

In order tq aimpiify the wiring of the relaying circuits to
the highest degreé, printed oircuityteohniquea, which are most -
suitable. for tfansistdr circuits, have been used. "The*tranaistoriaed*
circuits of the scheme are sectionaliged, according to their
respective fuﬂdtiona:into a number of plug-in printed eircuits.
This makes every unit readily accessible and faoiﬁitete&jrepruductienyfh
if @eaired, %ﬁtwell as reducing maintenance difficulties,

The whoiertransitorisgd relay#ng cirocuits, for th;.two ends
of the protected section, are mounted on iwo chassisshown in
Fig.(8.12).,

The interoonﬁectiona bﬁtwean the ohaapia,~inulgd1n§ the
artificial lines unit, are made through plug-in cable sockets
mounted on the back side. Some points which may be-required for
monitbring, teatiné, adjustment, and maintenance purposes have been -

brought to the front side.
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CHAPTER 9

PERFORMANCE AND TESTING OF THE DEVELOPED SCEEME

9.1. Introtuoton

| -A complete eguipment~for the developed comparison pcheme wae
constructed. This was based on fhe analysis, design, and
1nformation g&ven in the previous chapfers. The equipment consistsm
mainly of fwo identicai units, one for each end of the protected
section, as well as the artificial pilot-line units described in
ehépter To h

The blocﬁ diagram of the equipment at each end of the line
is shown in Fig. (2.1). The functional diasgram 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 carried-out step by step on each
individual sub=-unit duripg assembly as well as on the complete
assembly. In order to determine the speed of response of the scheme
and its rate of tripping, timing tests were performed on the whole
schenme aftér completion. |
- The ﬁorformance of the scheme has been inveastigated over
different complex pilot cirouits, builf up from those mentioned in
Chapter 7. u
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9.2. Steady State Tests

The arrangements for the steady state tests were carried out
by discoﬁnecting.the seéregating circuits at end (1) of the
protected line and introducing a phase shifting device inste#d.

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,"ln order to simulate design conditions as near as
possible the output impedénce of the phase shifting device was
made.equéi to that of the segregating networks.

A single phage to earth fault was then applied to the
segregating networks, at end (2) of thevprotected section. The
relaying quantity "I," applied to thé squaring cirocuit of this
end equipment was chosen to have a variable a = (M‘/N)9 as given
in eqns (5.1).. Thelrange over which "a" can be varied is from 2
to about 6, |

The fault considered is a phase "A"/earth fault, since this
phase has the lowest setting, eqn (6.114).

kTha magnitude of the relaying signal at end (1) is made
variable over the range from minimum setting to about 200 times
setting. The phese angle of this quantity can be adjuetgﬁ to
have any desired value W.r.t. to end (2) signal.

Severalisteady state teats were carried out, and n&merous

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) Externsl Fault

 (Healthy conditions, i.e. © = 0°)

Thé angle "Q" is defired as the angle of departure of the
two end signals.from the antiphase position.

Oscillograms (A) and (B) give the siﬁusoidal currents and
'~ the generated square-wave outputs at the two ends of the protected
gsection., Traces (C) and (D) illustrate the square-wave inpufs
to the coincidence circuits, Fig. (8.7), for the local and rgmoﬁe
end, re?pectively.

Oscillograms (B), Fig. (9.1), show the pulses to the
suxiliary tripping relasy at the two ends of the protected section,
It can Ve noticed that the relays current pulses are of a very
small duration‘ihdeed and are 360° apart. Ideally, there should
be zero current flowing under such conditions. Theée tiny
pulses (spike like) aré due to acoumulated errors in the mark/space
ratio of the square waves arising from the diffeirent relaying
circuitry. They are mainly attributed to the receiving/reshaping
circuit as well as the phase ahifting circultis, Figs (8.8 ahd
8.9), which may have small deviations from unity in the "M/S" ratio
of their square-wave outputs. However, there may also be some
error attributed to the square wave generating circuits,

sec. (8.2). Slight incorrect adjustment in the balancing




PIg. (9.1) STEADY STATE PERFORMANCE OF 'HE SCHEME,

(A) Local and Remote End Currents.
(B) Local and Rewmote End Square=liave.

(C) and (D) Inputs to Coincidence Circuits
for Both Ends. '

(1) Pulses to Tripping Relays.
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impedances Zg of Fig. (8.10) may also contribute to the error.
However, ali these accﬁmuiated’erroré in the mark/apac;

ratio, of the varidus‘équafefwaves, do not exceed 5%. tThe*

maximum pulae vidfh, reéuiting froﬁ the errors, given to the

tripping relay is about 8%,

(v) internél Fault
"on = 180° in-Figo;(9 1)

This case represente an internal fault with doublo fault
current infeed from both enda of the protected 1ine.

The oscillograms (A), (B), (C) and (D) show, ss in the
previous case, thé"andvcufrents, the local and remo$§ end
sguare—waves,>and the input§~to the coincidbnce oircuit#,
reapeetivcly. | |

Traces (E) illustrate the shape of the pulses givnn to the
two auxiliary relays at the two ends. It can be seen that
these pulnes ara in the form of a square—wava of unity mark/space
ratio and follawing the inputs (c) and (D) but having an opposite
polarity (antiphaso) |

(o) Intsrnal Fault,
e-4w
The case rapraaented here is that of an 1nternal fault

with the remote end current 1nfeed 1agging behind tho antiphaao

position by 40°,
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Comparing the square-wave inputs to the coincidence circuits,
traces (C) and (D), in Fig. (9.1), with the pulaas~td the relays
shown in trace (E), it can be seen that a relay pulse occurs when
the input waves coincide fo be positive. The two tripping pulses,
eech given to fhe auxiliaery 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-circuit
of 40 miles which comprises 25 miles of 20 lb/mile and 15 miles of
6.5 1b/mile G.P.0. unloaded cables. The total pilot loop |

resistance was then about 6000 Q.

9.2.1. Stability Aggle

The above tests and a similar‘variéty of téats have been
simulated to determ@ne the stability angle'"a“ of the scheme.

This angle ocan 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 ourrent at ibs end (1) was kept constant
over a wide range of valuealup to about i50 times setting.

The phase angle 5etween the two relaying quantities was
then varied to show the locus of the current vector at the local
end (1) while the current at end (2) was kept constant 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 le;ding and lagging angles of end (1) current.
Fig, (9.4B) gives the a=plane characteristics of thé gcheme, i.e, .
for the complex ratio of I(1)/I(2)o Fig. (9.4B) represents the

case when 1(2) was kept at 0.5 mA. The scheme arrangement as a
whole, including the ironless-core C.T.s, is a iinear ong, .
With higher currents at end (2) and end (1?, the
characteristics then do not change a great deal as far as the
rhase angle is concerned.

From the results shown in Fig. (9.4), it can be seen that the
scheme has a minihum'stability angle of § = za & 40°%, |

| The accuracy of the performance of the scheme, or the
tolerance in the angle "a", can be seen fo be within +10% of the
minimum value given above.

This angle can be increased, if desired, by adjusting the'
setting resistor Ret of Fig. (8.7A), which controls the width of
the tripping pulse to the auxiliary relay, as expiained in
sec, (8.5).

'9.2.2, Sensitivity
The developed qcheme is a phase comparison one, and,therefore,
its rate of tripping is independent of the amplitude of the
primary signals as long as they are in excess of a certain minimum.
The ironless-core C.T.s incorporated in the scheme hdfe a

transfer impedance of 10V/kA primary current. The sequence
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segregating networks, Fig. (6°16),vwhich are supplied from fheaa
linear couplars‘produce outputs proportional to the sequence

components of the fault current, sec. (6. 4.4, ).

Under a caae of a aingle phaae to earth fault on phase "A“
where the three seq_uence components are equal the input to the start:ing
circuit (2) is given by Vo = 3I°r°, Fig. (6.16). With the
particulara of Ro = 3 55 kQ and ro = 56ﬁ the minimum setting. for
this starting circuit vas adjuated at v& Y, 80 meve (Temes.).

This corresponds to a primary fault current of about 500 A under
such fault conditions. The input amplifier for this oirouit T,

of Fig. (8.3), was madé to be driven into the aaturation region for
higher. fault current levels. Thia setting ia limited by the exrror
‘aignals appearing‘at the output terminale of the segregating
circuite, sec. (6.4.3.), due to harmon;cs, pick-up and frequency
deviaﬁioﬁs under normﬁl load cénditiona.. If higher uansitivity is
desired the ironless-core C.T.s can be deaigned "t0 “have highsr
t?anefer impedance or alternatively more than one amplifying stages
can be used at the inpuy of the ﬁia:ting dirduit;*?ig;~(8.3).

The minimum input %o the squaring circudt Vi, Fige (6.16),
at which the square-wave output is gbnerg#ed'corréaponda*tO“a
primary current setting 16wer than #hat,éf the zero' sequence
'Vatarfinq circuit. 'Thia means that phase comparison ‘signals are
tranumitted over. th? pilot-oircuit before any oompariaon oan take

place at either end of the protected line.
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Troubles such as hiéh frequency oscillations have been
experienced due.to high sensitivity of the feceiving circuit,
Fig. (8.9), when“the scheme operéted over long pilot circuits in
‘the order of 700091 With a power supply voltage of only 10 volts
for the puah—pﬁil amplifier érrangement of the differential bridge-
oircuit, Fig. (8.10), and with a pilot isolating-transformer
having 1#1 turns ratio, higher pilot circuit resistances - than
7000R pauaéd-largo attenuation to the signals and“tn*aomo~csses“it**
ﬁas difficult to recover fhe signal without interference from
pick;ﬁpa, noise, etc. |

For practical field applications, the case may be
vorsened by higher noise levels. In order io avoid such-conditions
a separate power supply may be used for the pushepull amplifter
"of the differentiai hridge.circuit and with the proper choice of
the transformera‘tu;na'éatip, a voltage of the order of 50 voltis
would be sultable, for most practical applications, to be
impreased on the pilot-cirouit. iUsing suoh a letagawIevnl~wou1d
make‘if easier to overcome any n;ise or pick=-up ‘levels even for
practical pildt-cirouiﬁa having a reéiatanca up td 10,000,

It is noticed that a aéuare—wave having~a magnitudo‘pf 50volts
would be well within the limita stipulated by the G.P.0., -
864, (7.2), and would eliminate any risks of overvoltages reaching
the pilot-oirouit. unlike the preaen¥ conventional schemes in case
.of failures of the voltage limiting devices at the pilot cirouit

terminals,
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TIMING TESTS THTE

RUAL PAULT (O = 180°),

(A) Input and Output to Starting Circuits
End (1) and End (2).

(B) Starting Signal Input End (1) and Pulses
" to Auxiliary Relays End (1) and (2).

(C) Relay Currents and Tripping Contacts
Supply at Both Ends. -

(D) Zero~Sequence Starting'inpux.ﬁignals and
Supply to Lripping Contacts of Auxiliary
Relays (Both Ends?._ , ‘

(9.%) PIMING TESTS FOR (6 = 400).

(4), (8), (C), and (D) as for FIG. (9.2)

(E) Pulse to Yripping RelayS and Relay Contacts
| for Ends (1) and (2) under Repetitive Fault.
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9.3, Pegggggggcg ggg‘Timing Tests.

Timing tests were carried out on the relayihg scheme with .
different angles between the relaying signals at the two ends of
the protected liné; Théee cases simulated internal and external
faults, The procedure of these tests can be described briefly
as follows:=

The simulated fault case was a single phase to earth.fault
at each end of the line. The angle between the reiaying quantities
was adjyéted to any desired value, in a manner simiiar to %hat
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 simultensously to the equipment at both ends of
the line. This was carried out through the contacts of a relay
incofporafed_in,an glectronic unit which also providéd a trigger
pulse of variable time delay for triggering cathode-ray
oscillpscoyaa. The triggering pulse was adjusted to trigger the
oscilloscope a short time before the startiﬁg gignals wexre applied.

Since the gimulated conditions were of single phase to
earth faults, and such conditions are detected by the magnitude
of the gero-sequence component of the fault current, these starting
signals were used as reference signals in all the timlng teats.
Under such fault conditions, these starting signals represent
also the phaae angle of the fault currents.

The performance for different angles "Q" between the two

relaying quantities is shown in Pig.s (9.2 and 9.3).
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In Fig. (9.2) the angle "O“, measured from the antiphase
position, is 180°, This reprgsente a case of internal fault oh
the protected feeder. |

The four traces (A) in Fig. (9.2), give the "starting signsal,

(the Zero seguence current),and the starting circuit'step“functioh
output voltage for ends (1) and (2), respectively. It is noticed
that the two starting circuits, for both ends, 0parated“on“the
first negative half cycle and the circuit at end“(?)’gives'an
output in a period of just over half a cycle while that of-end-(2),
produces an output in about 0575 of a cycle. Tracaam(B)‘giva the"
strating signal for end (1) and the auxiliary relays-current at
the two ends of the line. It can be seen that both-éurrants start
within 1.5 oycles from the momentAdf incidence of the starting
signals, .In traces (C), Fig..(9,2), the auxiliary tripping relays
current.as in'(B) are showhtogether with the fripping°aupply to
their contacts. It‘ia noticed that the contacts of both relays
close within the first half cycle from the appaarancs“of“thé relay
tripping pulse. |

The last gréup of traces, (D), show the starting signals’

[ Bame as first and third traces in (A)_7 and the supply to their
tripping contacts. Both ends of the line trips within 40 m.s.
from the incidence of the starting signals.

| The above tests were performed on a pilot circuit of

25 miles of unloaded 20 1lb/mile cable,
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Fié.-(9.3), (A to D), give exactly the same traces as in
Fig. (9.2), when @ = 40°, This rebresents an internal fault with
the end (2) current leading the antiphase poéition byA40°.
From (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. From the
thrée traces shown in (B), it is noticed that the auxiliary
relays euxrent appear as a train of pulses 360° apart. Each pulse
has a width of about 40°. The first relay.pulse‘gppears-after'a‘
period of almost 2 cycles from the beginning of the starting
signals. Traces (C) show that the auxiliary releys ‘contacts-close"
at approx. the appearance of the second relay current pulae;
The time taken from the appearance of the relay pulse till-contacts
are closed ig juét over one cycle. |

The overall operating time under such conditions-can-be -
kriown from the traces (D) in Fig. (9.3).‘ This time-for-end (2)-
of the line is about 75 m.s. and approx. 65 m.s., for end ¢1).

The above test was carried out over a pilot circuit of 40
miles comprising 25 miles of unloaded and 15 miles- of 'loaded
20 1b/mile G.P.O. cable.

' The tripping rate of the scheme does, however, vary a little
over different pilot circuite and Fig. (9.5) gives the trend-for
‘the average tripping time of the‘schame under different pilot
conditions. The average operating time trends are-plotted
againat "Q" for oases of leading and lagging qnglqag"aa”thé*'\

dirrofenoe in operating times between these two cases was quite
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FIG. (9,6) ARRANGEMENT FOR SUPERVISORY ALARM.
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small. From Fig. (9.5) it can be seen, however, that the scheme
operafea within 4 §ycleg for thé most unfavourable conditions. )
This operatingﬂtims‘includes élso the auiiliary tripping relay
time. | A |
Traces (E) of Fig. (9.3) show a simulated repetitive £ault
at end (1).0f the line. Tﬁa case represents a fault with an:
angle @ = #00 between the currents at the tw6 ends of the line.
The starting signals were switched on together and then that of
end (1)‘waa‘§uitched off as moon as tﬁg contacts of the relay
. .yere closed and reapplied again after a short durétibn.
It can be seen from the two_uépeﬁ traces in (B) that
- the contacts of the 'auxinary relay at end (1) closed with the
appearance of the first relay current pulse and were held clobaﬂ
for approx. 2 oycieq; before the relay reset itsslf
néanwhile,'tha_starting signal was. reapplied-and-with the
reappearance of the.first relay cﬁrrent ﬁﬁlse thq=reiay*captaotal
reclosed.
'This test ensures that the scheme is immunefrom- "chattering" -
risks of the auxiliarj relays, once their tripping“pﬁESUMhas

reached a predétqrmined value, as the train of puitl!“tO“the““i““"

relay are 360° apart,

9.4. Effect of Pilot Ciroult Failure
It has been mentioned in sec. (1.2.1) that the pilot
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supervision equipment is almogt incorporated in all present
conventional pi}ot-wire schemes.

Two diffefentvarrangements of this supervisory equipment
are slso shown in Fig. (1.5 A and B), The supervision was carried
out by injecting D.C. circulating current around the pilot loop.

In the developed scheme, such an arrangement is neither
réquired nor desiraﬁieg The D.C, may interfere with the phase
of the relsying signals and may'also have some effect on the
magnetisation of the pilot isolating transformers.

Ih the deveioped scheme arrsngement there is a continuous
signals received over the pilot link and this can be used as
with continuous load supervision gcﬁemeso This is preferred to
D.C. supervision since it eliminstes the inclusion of L.S. and.H.l
set starting.fgatﬁ:es for supefvision purpéses, a8 well as the
supervising supply equipment itself. |

A fault on the pilot circuit, e.g. an open~-circuit or a
short circuit, would cause unbalance.bf the differential bridge
cirouit, 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;f:v‘
since the starting relay signals are not present. Such conditiqnﬁ
may cause incorrect tripping only when they colncide with the
occurrence of an external fault.

Cages 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 °utpuf_°f the receiv;Pg/rgshapiqg circuit,:Fig. (8.9);
The case of pilot<core reveisalé Qéuld‘cause'no5éffoot“on4the
scheme performance, unlike cohvéqtiong;,diffgtential schemes.

However, édvantage can be fakenlfrom'the #ppearaﬁoe,:di the
aﬁsence,’of these rectangular waves gt the output of the receiving
circult to give an alarm featurg, if desired, to replace
supervisory equipment. |

The arrangement for this suggestion is shown in Fig. (9.6).
Input (1) is a square wave having & unity "M/S" ratio fed from
the output of the phase shifting circuit, Fig. (8.8), while
input (2) is the output of the recei&ing circuit.

This output under healthy p%lot conditions is also a square
wave of unity mark to space, while under pilot failure ﬁill be a
rectangular wave or disappaar completely as the case maj be.

The relay P.S.R. is held closed under healthy system and
pilot conditions due to the input (1) and (2) being in antiphase.
Under system or piiot failuées!this relay drops and energimses the
time lag relay TD through its normally closed contact P.S.R.

If the fault is due to a pilot failure,the tripping relay
TR hes a normally closed contact in\gerieﬁ with the alarm and
once Tp closes it aﬁundg the alarm. In fhe case of faulty systenm
conditions, Tgr cperatéa‘befo:e 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 Varistiong

It is well-known that the transistor is a temperature:
sensitivé device. All the parameters of a transistor vary with
. temperature, particularly the d.c. current gain "a", the collector
cut-off current "Ise", and the base to emitter voltage drop "Vbe',

The transistors in the relaying circuitry are designed, as
menitoned in sec. (8;1), %o operate as switches or as saturated
amélifiera‘in order to minim;se risks of incorrect operation due
to variations in gein.

The variation in the gain parameter "a" may differ a little
and therefore its tolerance would appear to be of little consequence
in circults 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 Qf 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 "B"; the variations dﬁe to this terﬁ mast be reduced as much
as possible. In designing the input amplifiers of the fault
detecting circuits, sec. (B.3.1), the effect of temperature
varigfions on thelr linearity was minimised by using high voltage
rated silicon transistors. Drift due to change of ng.or Q,

is of the same order fo:'germanium’and gilicon transistors, but
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the silicon type proved to provide better stability due to their
extremely low I.o. The 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 variatlons,
the stability angle of scheme was found to suffer a change of
about +12.5% of its normal vslue of 40°. 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, és nmentioned earlier in this sectlon, for
these two particular circuits.

The performance of the scheme, as a whole, does not suffer
any appraciable'change wvhen the power supply voltage was varied
between =15 to +10% of its rated value. The change in thel
stability angle for such a range of variations was less than
+ 10%. This change is small and can be accepted without any
need for applying further complicated compensation arrangements

in the circultry.




FIG. (9.7) VIEY OF THE COMPLEDYE BOUTPMENT DURING

TESTING.
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Fig..(9.7) shows a view of the complete equipment of the

scheme during one of the teating atageé.




-
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CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

10,1 General Conside:a#iona
Due to the nature of the work described in this~thgsis,‘§onclusiona
regarding specific problems must be drawn in stages, This has, in fact,
.been<mentioned in most of the previous chapterao ‘
There are, however, some more general points whichhgriée from the

work a&s a whole,

10,2 Selection of Relaying Quantities
A single relaying quantity derived from a&ll the three phases at eéach

;nd of the protected line, is adopted for the comparison scheme developed
in this work,

One quantity representing the phase angle and two quantitiés
indicatingsthe fault were chosen at each end of the line to meet various
fault conditions on the primary system as well as to obviate incorrect
ope;ation due to pilot=circuit fgilureso | |

The summation transformer, as & means of providing this single relayimg
quantity, Has proved to be unsuitable for some resistanaé éar;hed syateﬁs.

The analysis of the summation ourrent 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 (nsn+1:n+2) turns ratios._A

However, the S.C.T. is suitable fof directly earthed systems provided its
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turns . ratios are correctly chosen,
| The cbrresPending arrangement with ironless-core C.T.s. offers more
advantages than a summation scheme with conventional S.C.T.

; Thg adopted sequence currents combihation as & phase angle
representing quantity was quite satisfactory for the transmiqsion systen
considered in chapter 5, and for the range of system parameters evuluateq
in sec. (5.8), _— -

For further work, it is suggested that a more general case for the
study of the'bahaviour of such a relaying quantity would be & double
circuit teed'feeder having ring generations &t its texminals, 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 circuilt of the fransmissipn gystem as well as simultaneous
Tenlts would alsé be envisaged to find aﬁy "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 each eng.of
the protected section . Such a topic is worth further analysis in more
detailo

However, it is felt that a minimum stability angle of about : 45°
would cover such cases as well as power swingiéonditions on feeders of

152 kV system, sec. (2.3).
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10,3 Performence of Ironless=Core C,T,s (Linear Gouglers)

Ifonless—coravcogoa (1inesar couplers) are assoclated with the
developed scheme for the advantages they offer, They have dso their
limitations, chapter 3, Their advantages can be summarized as follows:

(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 primary circuit.

This linearity is not over a limited range as in the case of D.A.G. " .
current transformers, which were associatea previously with pilot-wire
protection, {

(b) *Transient Response

It has been shown in chapter B.that, when the primary current contalns
s 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-avolided and saturation problems are completely
elininated, |
(¢) Stability

The stability of summation schemes with linear couplers depends only

on the tolerance within which the torold coils are wound. A stability
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ratio of a single ﬁhase summation voltage scheme was found to be about
250, 860, (642.7)e

The three phase sﬁpmation scheme, corresponding to the connection
of the summation curren% 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 main limitation of the ironless~core C.T.s has been in their
low power owutput. in the work described here, this is no longer a limi-

. tation since transistoriséd~re1aying circuitry were used, The work

carried out and described in this thesis demonatrated clearly that such

a limitation can be practically annulled using static relaying techniques,

10.4 Seguegpg Segregating Networks

Sequence components segregating networks of a novel form have been
developed and operated satisfactorily when associated with ironless-core
C.Tus,

These circuits, chapter 6, are simple, vefy cheap, and economical,
Bulky and expensive irdn—induotors were completely avoided on grounds
of cost and space economy. 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 assoclated with transistorised relaying

circuits,

LI.lllIIIIIIIIIIIIIIII-I-----
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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), | 4 |

| 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 filter-out the unidirectional componenis of the fault
cﬁrrent, Suéh'filter circuits were dlvways a souice of subsidence trans-
ients and oscillations,.

The segregating networks developed in chapter 6 are frequency
insensitive, for all practical applicaﬁions, as the error prodﬁced at
their output terminals is alﬁays 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 couplefé'"

with respect to the primary current,

10.5 Transistorised Relaying Circuitry

Transistor and semi~conductor relaying devices offer some very
attractive adventages which include small size, light welght, and low
power consumytion. Other useful properties are their excellent switching

- characteristics and immunity to mechanical shocks aﬂﬁ vibrations,




266.

A further point is thglimprovemant in reliability of circuits using

transistors and semi-conductors, This is attributed not only to their

%elatively long life but also their use causes a significant reduction:

in the failure rate of other components,

These features of transistors and semi-conductor devices justify

' the technique followed in developing the scheme circuitry. The advantages

‘Qﬁtaine&'can be. summarised as follows:-

(a)
(b)
(c)
(a)
(e)

——-

Low burden

Greater éepsitivity

Higher speeds

Freedom from mechanical disturbances

Liéht weight, compactness, and économy in maintenance.

More complicated techniques for designing the scheme oircuitry could

have been used but, as mentioned in chapter 8, simplicity and economy
without sacrifice in performance, were the two main factors which
uinfluenced'the design, From the~péff§rmaﬁ€; of the scheme, chapter 9,
and of each individual stage, within their limits, it oan be seen that
these aims have been achieved, The limits are aco;ptablé for practical

applications,

10.5 Reliability

Long term reliability is essential from the practical point of view.

If the mean working time before a fault develops is short, maintenance
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‘and inspection will prove to be uneconpmicaio

During the past two years of the progress of this work, as the
different stages of the relaying equipment were construpted, they were
operated over long periocds, under qarginal conditions; without any

failure, In fact in most of the'cases failure was due to human interventiop;

- The reliability of the different components used 18(11)2-
Resistances 0.0001% per thousénd hours
Cépacitances 0.001% per thousand hours
?raﬁsistors 0.01% t640,1% per thousand hours
.“Diodes 0.001% per thousand hours
| The relihbility of‘tiansistofs could be inoreaséd with special
technique to 0.001% per X hours,
An eqﬁipment developed in the Power Systems Laboratory, having'a
aimilar deéign nature to those employed in the present scheme, confaining
a 1a£ge‘number‘df components, about 700 (resistors, capacltors, transistgra'
and diqdes) was put on long-term(31) continﬁous test for a year withdﬁt 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.
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10.6 Scheme Performa.nce

The scheme devgloped in this work provides a form of pilot-wire
protéetioﬁ; employi#g phasg—oompariaon techniques, which has a
chaﬁacteristics almbst independant of the pilot-circult parameters. This
has been possible by using ironléss-core C.T.s and tf;nsiatorised relaying
circuits. This scheme ﬁould meet the increase in G.P.O. pilot=-circuit
resistances either to gover iopger feeders or due to using smaller condudtor
sizes by the G.P.0. |

The performance of the scheme, as given in ohapter'9, is considered
satisfactory for pilot‘cireuits of 6000 Q loop rasistance,!iaeo in the
range of 30 = 45 milgs;:

The scheme can'gasiiy cover longer pilot lerngths if the impressed
voltage'acrosé the pilot-&ircuit is incresséd to, say, 50 volts, as
suggested in sec. (9.2.2). The limit of the pilot oircuit fesiatance can
then bé raised ta about 104000 Q, With such 1dﬁg pilot ciroults having
& large loop reslistance, it is probable that the transmitted signal over
the pilots may undergo & shift more than 90°. The phase-shifting circuit,
sec, (8.6), using simple R=C networks, Yo delay the local end signal may
not be sufficient to produce shifts over 90°, 'However, for phase shifts
between 90° and 180°, the éffective phase shift can be made lmss than
90°, by reversing the polarity of the looal square-wave by means of an
inverting stage, i.e. using the supplementary of the phase-shift,
(Similarly, phase-shifts between 180° and 2'706 can be effectively reduced).
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: Howéver9 such large phase-shifts are unlikeiy to be met in practice on
pllot=circuits used for protection purposes,

It can be concluded that the scheme, as it stands, has & stability
angle of a = ¥ 400 and an éverage operating time of about 3 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 gchemep unlike present-day ornes, for most applications does not
need any voltaege limiting devices, and therefore eliminating any high |
voltage risks,whiéh may damage the equipment,to be applied to the pilot
eircuit inadvertently. | |

Furthermore, linear éouplers can operate on 0.Co. condifiona 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 oonditiond'of‘
the power system on the linear couplers, It is éﬁggested in sec. (9.2.2)
that the noise from the pilot-circuit side can bé swamped by impi#ssing
higher voltages on the pilots and thus allowing to decrease the sensitivity
of the receiving-circuit/to avold any interférence from noise, pick—uﬁ, stc,

The only means to obtain information on these last points wouid be by
carrying out field tests on a prototype of the developed equipment.

This equipment could then be installed in‘parallel'with an existing
equipmeﬁt, i.e. as a duplicate, This will also give, after a certain
period, an indication on the relieblility df components under practical

field conditions.
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APPENDIX (1)

EVALUATION OF THE u—EQUIVALENf CIRCUIT FOR A FOUR-
TERMINAL N RK

It has been méntionéd in sec. (7.3.1) that the n or T
equivalents of an asymmetrical pilot~circult can be evaluated |
from the general conéfants A, B, C and D of a complex four terminal
network.

Fig. (7.1) glve the relationship between the elements of -
the ®= and T-equivalents and these constanta.

Pig. (1.12) shows a 4=terminal network having complex
coﬁatanta A, B, C, and D. These constants are relate&"bywtﬁi"wéll-

known equations

. seeae \da '
Is = C. Vg + D.Ix -

?or the ®-equivalent circuit shown in !13.‘(1.1b); the -

relationship between the currents and voltages ares-

Ve = Vg + (Ip + VR.YR)Z cenns (142)

and Ia = VE.Y' + (IR + VROYR) ssenn (10‘3)
Substituting from eqn (1.3) in eqn (1.2) it can be proved thats-

Va = (1 +YR2) vp+ (2) Iy z (1.0)
ess 1.4 o
and Iy = (Y4 + YR + YR.Y¥g.2)Vp + (1 + Yu2)IR

rrr—————




- APPENDIX (1)
1 ——+——.
A B ' V&
ZR
*——.
YR
c - D
e m——)

Ig - Ir
§ | ' | }
Va \ Ys R VR

.

(b) n=Equivalent Circuit

FI¢, (4.1). m<EQUIVALENT OF A FOUR-TERMINAL
NETWORK. ‘
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Comparing eqns (i.1) with eqns (i.4), it can be easily seen

that s~
A = 1+ YR.% ;
B = % g ceees (1.5)
C = Yg + YIg + YRoYg5.4
D = 1+ Yz.2 i

If the constants A, B, C, and D are known or found by
measurements of the open and short-circuit impedances of the pilot
circuit, then the elements of the ni-~equivalent circuit can be

expressed in terms of the general constants, from egns (i.S). as

follows:=
Z = B
YB = (D— 1)/3 (RN NN ] (1.6)

Yg = (A-1)/8B
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