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POWER SYSTEM PROTECTION SCHEMES e

Protection Scheme
A protection scheme consists of fault detectors and isolating equipment, capable of disconnecting fanlty
equipmenl [rom the power syslem,
The Need for Protection on a Power System
Protection is needed to remove as quickly as possible, any element of a power svstern in which a fault
has oegurred,
;‘lhr: fault remains connected to the power system, there is a risk that the whole system may be in danger

om:
i) dumnnge to the Faulted equipment,
b) damagpe to healthy equipment supplying the fault,
) individual generators in a power stalion, or individual power stations losing synchronism, with

{\11 consequent splitting of the power system,

Any ol these sceurrences may result in undesirable interruption to customer supply and costly damage to
as5cts,
Types of Fault Conditions

Abnormal operating conditions on a power system, are undesirable,
Abnormal conditions inelude;
a) excessive current flow due to overload or short circuit,
5] excessive voltage or under voltage,
d) high or low aystem frequency,
L:;.u:} reverse power flow in a generalor,

Not all of these abnormal conditions result from a short cireuit on the power system, but they may result
in unaceeptable quality of supply, and/or damage to HV equipment.

Monitoring of Svstem Conditions to Detect Faulis

As excessive current is not the only abnormal condition on a power systern, detection of faull conditions
on a large interconnected system requires continuous monitoring of system currents, voltages, frequency
and direclion of power flow,

Various fault detectors capable of identifying abnormal conditions, must be installed 1o cover every
possible lype of abnormal operating condition,

Protschmudnvevol2



N T
il

These transformers are able wo "stap-up” (increase) the voitage to 300 00Q volts and ;
aver 500 000 volts, which i3 abmst 300 and 1200 times respectively dreaker thar the

s} welt single phase housenold supply. This high vnltage helps electrcily tewvel

alord the wirss better,

Tl extea high voltage Transmission system connects the power stations (o large
sunatasions on the outskrts i the cities and major wwns throughout the state.
These substations transforin the sery high voltages dow to 66 000 wolts and

47 04000 valts which ls used for she sub-transmizsion systam around the metm pizlitan
area and some cowntey districts. Zene substations have further step-down
transfarmers which inwer the velsage to 22 000 or 11 000 volts. Electricity at this
veliage can then he transmitzed on smaller, lighter power poles, until the supply is
finally reduced to 240 voits by small transformers on wood poles or enclosed at
ground level. Then the power gues out to homes, factortes and oifices.

Most houses receive thelr powar supples from overhead mains (wires) hecause it
is cheaper than underground cables,

In Mew South Wales it ia the responsibility of Pacific Power to operate the huge
electricity generators and high voltage power lines. A single control centre at
Carlingford in Sydney directs the operation of the staté-wide transmisslon system.

At lower voltages electricity is distributed by 26 supply authorities usually callad iy
county councils, In Sydney these are called Sydmey-Eiweemiicy an - Prampect Eﬂﬂrﬂj. AU:W ' M
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Tiase transiormers are able 1o step-up” (increase) the voltage to L0 (#10 walts and
ey B00 000 valts, which i3 abmut 300 and 1200 times respectively dreater than the
a4 welt single phase household supply. This high voltage belps alectricily el
alori@ the wires better.

Tl exea high voliage fransmissicn systam Connects the power stabuns larga
synatacinns on the oukskicts of the cities and major Wwwns throughout the state.
These substations transform the very high voltages dewn to B8 0040 wolts arud

43 (00 volts which L5 used or she sub-transtission systam arnund the metmn politan
area and some cowntey districts. Zone substations have further step-down
rransiormers which lnwer che veliage to 22 000 ar 11 000 velts, Electricity at this
voltage can then he transmitted on smaller, lighter power poles, until the supply is
finally eeduced to 240 valts by small tzansformers on wood poles or enclosed at
ground level. Then she power goes out L homes, factartes and oifices.

Most houses receive their power supples from overhead mains (wires) hecause it
i3 cheaper than underground cables,

1n Mew South Wales it is the responsibility of Pacific Power Lo operate the huge
wlectricity generators and high voltage power lines. A single control centre al
Carlingford in Sydney directs thit gperation of the state-wide transmission system.

At lower voltages electricity is distributed by 28 supply authorities usually called .
county councils, In Sydney these are called Spemey-Eiwetrrety ind-Prespect E,qﬂrﬂj. Ag;fm it ﬁlmql.
bbb alone has over one million customers In Jm{ &*M'ﬂ v
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Thaue transiormers are able o step-up” {increasa) the voltage s 20 000 volts and
aver SO0 000 wolts, which is about 300 and 1200 times respectively greatar thn the
241} wolt single phase household supply. This high voltage helps alectricily neavel
alor@ the wires better.

The extra high woltage transmissicn system connects the power stabions [ large
wihatasinng un the ontskirts of the cities and major towns threughout the state.
Thesa substations transform the very high voltages down to 86 000 vols anid

97 000 wolts which Ls used for she sub-transmission systam around the metm pelitan
area and some countey districes. Zene substations have further step-down
transformers which lower the voliage to 22 000 or 11 000 volts. Electricity at this
voltage can then he transmitzed on smaller, lighter power poles, until the supply is
finally ceduced to 240 volts iy small transformers on wood poles or enclosed at
ground level. Then the power gues ous tw homes, factories and offices.

Most houses receive their power supplies from overhead mains (wires) hecause it
is cheaper than underground cables,

1n New South Wales it is the responsibility of Pacific Power to operate the huge
electricity generators and high voltage power lines. A single control centre at
Carlingford in Sydney directs the operation of the state-wide transmisslon systerm.

At lowsr voltages electrieity is distributed by 28 supply authorities usually called .
county councils, In Sydney these are called Bysmey-Cheeerty in - Prospeact Eﬂmﬁz}. .At.-‘:ﬁ"m s prol
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Thase transformers &ra able o “step-up” (increase] the voitage to 30 000 volts and ;
gven 500 000 volts, which is abmut 300 and 1200 times respectively dreatar than the .
240 wolt single phase housenold supply. Thus high vnltage belps alectricity teavel

alord the wires better.

The extea high voltige transmissicn system connects the power staticns o large
cuhatazinns un the onkskirts of the cities and major twwns throughout the sate.
These substations ransform the sery high voltages down to 66 Q0 volts and

27 0400 volts which is wsed for the sub-transmission system arcund the metropelican
area and some country districes. Zene substations hava further step-cown
transformers which lower the voltage to 22 000 o 11 000 volts, Blectricity at thus
voitage can then e transmitsed on smaller, lighter power poles, until the supply i3
finally reduced to 2440 volts by small transformers on wood poles or enclosed at
ground level. Then the power gues out to homes, factartes and offices.

Most houses recaive their power supplies from overhead mains (wires) because it
is cheaper than undesground cables,

1 New Sauth Wales it is the responsibility of Pacific Power to operace the huge
electricity generators and high voltage power lines. A single control centre sl
Carlingford in Sydney directs the operation of the state-wide transmission systerm.
At lower voltages electricity is distributad by 25 supply authorities usually called

pounty eouneis, In Sydney these are called Bydrey-Fleerrreiey wnidl-Prrpeet Eﬂﬁ'ﬁp:} AU’:?‘M Iﬁ.\. M
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Frotection relays or fault detectors, cperate in response to one or
more electrical quantities mesasured aon *he high voltage system,

It an abnormal condition is detected, then the relay will open or
close contacts, to initigte =z tripgping of a circuit breaker and
isolate the fault condition.

There are many different types of protection relaysz, +that may manitor
valtage, current, frequency, power £low ata,

There are electromechanical ralays, and solid state relays.
Electromechanical relays can be classifisd by their construstion,
£ el

Mest relays of this type comprise an iran cored electromagnet, that
attracts a movable armature which is hinged, pivoted o- otherwisae
suppetrted 80 as to permit metion in the magnetic field.

The motion is controlled by an opposing force usually due =o gravity
or Lo a spring.

The alectromagnet is energised by paassing current through a ecail en
the magnetic circuit, and as tha magnetic flux density in the corm
increases, the moving armature is attracted cleose the magnetic
circulit,

The armature is usually a light iron Plece, and may carry a moving
contact which engages with a fixed contact when the armature operates.

Blternatively, the armature may operate a rod which pushes together
two contacts,

The closing contac¢ts will complete a eircuit to send a tripping
impulse to a eireuit breakar,

These relays can be used for both AC and OC quantities,

When energised with AZ, the armature will vibrate bhecause the £lusx
will pass through zero twice saeh cycle, and the armature will he
released from the magnetic pole,

To eliminate this effesct, a "shading ring" or low resistance copper
band is installed on one half of the magnetic core,

The effect of the eddy currents induned into the shading ring, is ta
produce a second flux which lags the main Elux, and ensures that the
total £lux in the pole does not drop to zers during the cycle of ac,

Alternatively, the AC quantity to be measured, is rectified and
applied to the relay as DC which will eliminate the relay vibratioen.

Refer to FIG 1 which shows the construction of three types of
attracted armature relays,
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Electromagnetic Induction Relays atwelse LEUR tMpactws mofug

Electromagnetic Induction relays, operate on the principle of thi
induction moteor.

Refer to FIG 2 which shows the arrangement sof an induetion disec and
inductien cup relay.

Eddy currents are induced into the rotor of the relay, and torgua is
produced,

The rotor or moving part of the relay can be a disc, cup or loop.

In the induction dise relay shewn in PFIGo 2, the upper electromagnet
induces currents into the dise which will flow in front of the lower
electromagnet, which produces a motor action.

Similarly, the lower elsctromagnet will induce currents into the disc,
which will flow past the upper electromagnet and will alsao produce
torque in the disc.

The resulting torque will cause the disc ta rotate, and a contact
attached to the dise will make contact With a fixed contact to
initiate a trip.
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I3 2 require twe input guantities £

The relays shown in F for thelr

operation.

Single Quantity Inducticon Ralaya

Torgque can be produced in an induction disc ralay with a asingle input
gquantity.
Refer to FIG 3 which shows an induction disc relay fitted with copper

"ahading loopsa", which produce a second lagging £lux in the pole face,
and thus produce torqgue in the disc with only one input guantity.

Dsc

COPPER SHADING LODOPS

COIL {usually tappad)

FIG 3
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permanenkt Ha net Moving Coil Relays

Refer to FIC 4 which shows an axial mevement permanent magnet rslay.

LEAF SFRING SUSPENGION

TJ i t
—
; ; E .

(=118

A eylindrical coil is suspendad by leaf aprings in the fiald of a
concentric permanent magnet system,

The coil is capable aof moving axially ever a short distance.
The coil is wound on a former which also carries a moving contack.

The moving contactk will make contackt with a fixzed contact if the coil
moves in the trip direction.

This relay is a DC relay and it's direetion of travel will dapand on
the polarity of the voltage applied to the coil.

The relay weuld require an AC quantity to be rectified before
measurement .

The moving coil is light in weight, and is sensitive and fast
gpecating. ’

Balanced Beam Comparator

The balanced beam comparator Can be used to cempare the magnitude of
two gquantities.

nefer to FIG 5 which shews the arrangement of a Balanced Beam
Comparator.

The balanced Beam Comparator has twe coils and armatures,

i) an operate coil which when energised will tilt the beam to
close the relay contacts,

i1} a restraint coil which when esnergised will kilt the beam to
keep the relay contacts open.
La P i
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FIG 5

When the two coils are energised simultaneously, 1f the operate

gquantity is g[!ﬁjff than the restraint quantity, then the relay will
<lose contacts and operate,

If the restraint quantity is greater than the operate quantity, then
the relay contacts will remain open and the relay restrains.

Opecrating Time of Relays

Depending in the design of the relay, the time of operation of a relay
(tetal time from application of measured quantity to closing of trip
contacta) will vary from "instantanecus" (no intentiecnal time delay)
to "timed" (deliberate time delay applied),

Relays of light construction and in particular Dc operated rectifier
relays are normally high spead.

Other electromechanical relays such as the induction disc type are
slower in operation, although this inhersnt time delay is used to
advantage as is discussed in other notes on "time graded" protectisn
achemes .

nit

Refer to FIG € which shows the construetion af an induction disc relay
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The induction disc relay regiires an input guantity teo be applied te
it 3 ecoils, develops & turaning torgue in it 5 disc and when the disc
turn=, a =et of tripping contacts will! close,

The ralay is called an "inverse" relay because i1: = opezating
characteristic is an inverse curve as shown in FIZ 7.
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‘The curve is a plot of relay operating time veraus current measured,

and it s shape indicates that the higher the current measured by the
relay, the shorter is the operating time of the rzlay.

However, there is a "minimum" cperating time, caused by the saturation
of a magnetic circuit in the relay.

There are two main adjustments on the relay, one for the minimum level
of measured guantity required to operate the relay (ecalled pickup],
and the adjustment of operating time.

The adjustment on the relay to set the minimum current necessary for
operation is salled pickup adjustment and is achieved by wvarying the
Aumber of turns on the relay coil by a plug position, and also by
adjustment of the disec return hairspring,

The cperating time of the relay is adjusted by moving the "backstop”
of the disc.

This adjusts the distance that the disc must travel before closing
contacts.

The IDMT relay provides timed backup te other relays further away from
the souree, and alseo provides fast operating time for more severs
faults.
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OVERCURRENT AND EARTIH FAULT PROTECTION

Phase to phase faults and phase Lo earth faults can be detected by measuring fault current fowing in
the HY power syatem.

Current transformers (CTs) are used to supply an accurale proportion of the system fault current to
fault detector relays.

The relays may be instantuneous attracted armature relays or induction dise (IDMT) relays.

[hree Phase Overcurrent Protection

FIG 1 shows three relays connected in eircuit with three CTs where each relay is measuring the
secondary current ol a CT.

H‘G*’E rheel
f}l Line.

There is a relay measuring current in each phase of the pewer system, and when each operates,
conbacts will elose and send a signal back w the HY vireuil breaker (o isolate the faalt.

Fach relay is adjusted to operatc when the carrent it measures is above full load current on the
systemm, at the point where the current transformers are installed.

The actual relay operating value will depend on the minimum fault level that we want to detect.

This will depend on the arrangement of the power system, which faults we want to detect and how
guickly we want to clear the faull.

When a single phase to earth tault oceurs, there will be high current flowing in the faulted phase and
no current Hlowing in the other two phases.

OCEFPROT.WT Sfuvoln
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FIG 2 shows the primury and secondary currents of the CT and relay current that will flow lor a
single phase 1o earth fault.

Mote that only the relay measuring current in the faulty phase will operate, since the other relays will
not messure any current.

Therefore each relay will deteet o fault in ils phase on the HY system.

FIG 3 shows the primary and secondary currents of the C'Ts and relay currents that will flow for a
phase to phase fault,

Note that two relayvs will operate for the phase 1o phase fault,

The connection of three relays and CTs as shown in FIG | will therefore cover any combination of

ODCELPROTOWT Sfuvels
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earth or phase faults, hence the name "Three Phase Overcurrent and Earth Fault Protection”,

Detection of Low Level Earth Fanlts

Sometimes carth [ults that oceur on Y power systems produce fault current that is less than ful]
load current.

This is possible when the fault is a long way away from the source, or when there is a high value of
earth impedance between the point of fault and the source.

[f this oceurs, the relays in the "Three Phase Overcurrent circuit of FIG 1 would
nol operate because they are adjusted to operate at current levels higher than full lead current.

Study of fault caleulntions lells us thal earth faults produce zero sequence currents und so carth
faults can be detected using a zero sequence detector as shown in FIG 4,

_rﬁﬂ =

fotany FIG 4
Only oo sequence components of earth foult current will flow in the neutral connection of the CTs
and when normal balanced load current flows in the three phases of the HV power system, there

will be no neutral current,

This mesns that the earth [aull relay can be adjusied o operate at a low value of current as it docs
nol carry normal load current.

OCEFPROT. WFPSuvalh
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Twao Phase Overcurrent and Earth Fault Protection

FIG 5 shows a circuit used to detect phase to phase and phase to carth Faulls on the HY power
system using only three relays.

Any phase to phase fault will be detected by at least one overcurrent relay and any carth fault will be
detected by the earth fault relay which can have a low selting.

The pickup value of the relays and their operating times will be determined by the location of the
fuult 1o be detected and the severity of the fault and the reguired clearance time.

This is discussed in other notes entitled " Grading of Overcurrent Protection”.

OCEFPROT. WPSuvels
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DIRECTIONAL OVERCURRENT PROTECTION

The attracted armature or induction dise overcurrent rel!f.in its
basiec form is non-directional, :

This means that the relay can only measure the magnitude of the
current and canneot determine the direction of power flow.

By adding a directional elément te an overcurrent relay,
be made to operate for only one directien of rower flow,
the other direction.

the relay can
and ignore

.Refer to FIG 1 which shows phasor relationships between

phase voltages
and eurrents for power flow out of the substation and

inta the
substation. ;\jtgmbﬁﬂ
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Normally it would only be necessary to trip a ecircuit breaker when
fault current was flowing gut along the line and not trip if power was
flowing back into the substation. s ]
Refer to FIG 2 which shews a ci:cuit ernkur trip circuit where it is
necessary for both evercurrent and directional relays teo operate
simul taneocusly before a CB trip will be initiated,
Cirtuik Overcorrant i
s, 1 o Clrtun
Sufp! Direckona| : ceut breaker
elay
ORIG
FIG 2
Hote: An alternative to the geries connected contact arransement

shown above, is to have the directional relay, control the
operation of the overcurrent relay,

This means that there must ba correct direction of current
flaw before current magnitude is measured.
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Power can only flow back into the substation bushbar from the line, if
there is a power source at the other end of the line.

This means that directional overcurrent prutectlun would not be
npecessary on radial feeders where there is no possibility of a
backfeed.

But = directional characteristic would be regquired at certain points
in parallel feeder arrangements, ring mains and int&rﬂunngcted multi=
spurce power systems.

irectional Ov Relays A ied to Pa i eede

Refer to FIG 3 which shows an arrangement of two parallel radial
feeders.
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Notes: = relays are installed at points A and cC,

ecause power will only flow out along tha line at th-.-

pointa.

At points B and D it is possible for power to flow back

around the leop for a fault either between A and B (at point

Fi) or between € and D (at point F:).

For a fault at point Fi, eircuit breakers A and B must trip

to completely isclate the fault, \ﬁh

For a fault beyond Y that is not correctly cleared at Y, -

only circuit breakers A and € must be tripped to isclate

the fault.

Cireuit breakers B and D can be left in service for faults

beyond peint ¥ so these relays can be made to ignore current

flow inte the busbar by adding a directional characteristie.
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Directional Owvercurrent Relays Applied to Ring Main Feeders

Refer to FIG 4 which shows an arrangement cf a single source ring main
feeder =ystem

To Primary substation

P /Cﬂmu;'f breakers
;? 7 b7 ;'
Faulf

y ransformers
Direction of Fower
Flow ba-"ﬂg Considerad

DUA623
Fig 4

If a fault occours on any section of line, two circuit breakers (one on
either side of and adjacent to the fault) must be tripped to
completely isolate the fault.

The system can be considered as two radial feeders when calculating
time grading.

Where fault power is fed from either end of the ring, the circuit
breaker nearest the fault must trip first.

The arrow directions shown en FIG 4 indicate the desirable direction
of power flow for tripplng of uach breaker and the norrespundlng
graded tripping time. g =

Rasume a fault OCCUrs on faedar AB at point P, th; clircuit hreaker
controlling the feeder at B would be tripped instantaneously (=ay 0.1
sec).

Tripping times at C, D, E and A would pregressively increase by
margins of say 0.4 see for time grading.

The same delays would apply when working in the opposite direction for
a fault on feeder AE.
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Mot all relays used on this system need to be directional.

The relays at the primary substation can be non-directional, because
power can only flow away from the buskbar at theose locations.

+ other locations,” the relay with the lower time setting must be a
direstional relay.

pefer to FIC 5 which shows suggested operating times and directicnal
. characteristics cof the relays installed on the system.

17} - b7

Yo o4 4
dDiractional Relay

#ﬂ&n Diractional Relay £

GH m*

il

.5 ﬂ- a. &
25 . %2 29 , of

Grode

DURE"™ 4

In multi-source EHV interconnected power systems, eovercurrent
protection is not used because its response time is too leng.

However, the problem of identifying direction of power flow still
exists, and directional characteristics are added te "unit" type
protection schemes which have faster operating times.(Refer to other
notes on Transmission Line Protection)
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GRADING OF OVERCURRENT PROTECTION

Cwercurrent protection applied 1o 11V equipment, is designed to detegt excessive current flowing,
and send a tripping impulse to the controlling citcuil breaker to disconnect the fault as quickly as
possible.
There are two basic types of overcurrent relay,
a) Instantancous Overcwrrent Relay (100}
Relays of this type include clectromagnetic attraction design, which will operate
instantaneously (no deliberate time delay) when the eperating current is applied to
their coils,
by Inverse Definite Minmum Time Relay ([DMT),
Relays of this type include the electromagnetic induction dise design, whose
operating time will viry, depending on the magnitude ol the eurrent applied and
the setting of the relay,

Notes: These relays can only measure the magaitude of eurrent, and cannot determine the
direction of the current flaw,

However, they can be made into directional overcurrent (DOC) relays by the
addition of a directional characleristic,

Standard relay rated currents are 1 amp and 5 amps,
Setting of Overcurrent Relayvs
Pickup Current

"Pickup"” current is the minimum value of current that can be applied 1o the relay, to causs it 1o
operate and close the trip contacts,

Instantaneons Relay Setting

10C relay pickup is determined by the plug setting on the relay, which selects the number of turns
on the operaling coil and the mechanical adjustment of control springs.

This controls the level of current at which the relay armature is attracted and the contacts will
Close.

Provided the current applied 1o the relay is = the pickup current, the relay will operate
"instantaneous |y,

IDMTOGRDLWES vl 3
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IDMYT Relay Sciting

The setting of an IDMT relay is determined by the following two points on its characteristic
Curve.

a) "Pickup” is the mimimum current that would cause the induction disc (o turn ang
bl o A, s
close conlauts.

Pickup is adjusted by means of selecting tappings on the main operating coil,
which will vary the torque produced on the disc,

Tappings may vary the pickup from 50-150% ol the rated current of the relay.
(Ex: 0.5-1.5A for a lamp relay)

h) "Drelinite Minimum 1ime Point" is the minimum time taken for the relay 1o close
its contacls. ——
LD bl

I'he definite minimum time is reached at 20 times the "pickup” current,

The current required for the definite minimum time would be 20 amps lor a 1 amp
relay, and 100 amps for a 5 amp relay.

Refer to FIG | which shows the two setting points on the relay inverse characleristic curve,

("rn'l:il'lii:l;l;;I Meains ?‘nﬁi !

J— Mos) sonporton)
VT T Rl 6
A4 Pick up  poinl
wr
-
[+
& " Definite  Mimmum Time
r =T 7 Hosd come. £ ouisde
- 4 . A #  Mulfiples of—. 2. s claar
6 4 810012 16 20 " plug setting/
I‘I!.‘]

The definile minimum time point on the relay curve, is adjusted by increasing or decreasing ihe
pap between the fixed and moving contact of the relay.

This 1s called the "time lever” or "time multiplier” adjustmeni and changes the pasition of the
disc, giving 1t a shorter or longer distance to travel before closing contacts.

The time adjustment has the eifect of moving the characteristic curve in the vertical direction,

Once the pickup and the definite minimum ume points are sct, the rest of the points on the relay
characteristic are determined by its design and cannot be adjusted at will.

IDMTGRD.WES viol3
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IDMT refays are designed with different shaped curves s shown in FIG 2.

e A el

TR

18 el e o ) 3

L 1 e T S

d s 1

! | ia} STANDARD ————
7 13- —— (b} VERY INVERSE o,
g (e} EXTREMELY INVERSE
P | S A AR
w10 A —
E —
= ———
o
= —
5 — e
i
[=1

a

i e e L I e P e

CURKENT Jimultiplag gl Blug satting)

PRAGALT
FIG2

IDMT relay settings are written in the following way:;

Example 5 amprelay  12540/100

125 - pickup setting, where current of 125% of relay rated current
(125% of 5 umps = 6.25A) is applied 1o relay,
150 aF roded Currd b

404106 = DDMT setting, where relay set to elose contacts in 40 cyeles (0.8 sec)
when 20 times rated current (100A) are applied 1o relay,

Note: It is sometimes more convenient to ive a sefting poinl on the curve at some value
of current other than the DMT point,

However, the setting of the pickup point and another point will still fix the curve
[Hsilion.

Grading Between IDMT Relays

Grading is the adjustment the settings of @ number of profection schemes that may respond to the
same fault condition, so thal (he most appropriate scheme operates and tri ps the (zult first,

IDMTGRID WPS vl 3
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This means that 8 pumber of schemes may be installed to provide hackup if the primary
protection scheme [ails to clear the fanlt,

Schemes using overcurrent relays for detection are simple, and are usually "unrestricted zone”
schemes which are not very discrimindting.

This means that il'a number of relays are installed al different positions on the power system,
their settings must be adjusted so that:

a) the: most appropriate relay operates first and
b} other relays provide backup in the event of failure of an ¥ relays to operate,
The types of grading possible when using overcurrent relays are:

] Time grading is most commonly applied o overcurrent protection, where a serics ol
current sensitive relays ure installed on a 11V system

Refer 1o FIG 3 which shows an arrangement of radial HV lines with overcurrent protection
installed al the supply end of cach line,

O—Certrore
2 —( 3 gl

Favl
Lecahion

ORIG
FiG 3

Ifa fault occurs at point X on the last section of line, then the fault should he isolated by tripping
circuil breaker 13, thus isolating the minimum part of the 11V system,

However, if the lault fails to clear at 1D, then the next line of defence is to isolate at point C,

Time grading is applied to the detector relays a points A, B, Cand D by increasing the operating
lime back towards the source end of the system,

IOMTGRID WPS viold
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Thus means that relay 1 is backed up by relay C then relay B and finally rclay A,
The disadvantage of time grading, is that the relay closcst to the source at point A, is protecfing
the first section of line between A and B, where the fault level is greatest. but this relay has been

given the longest operating time.

This is undesirable, since the philosophy of protection is that faults should be isolated as quickly

as possible,

1) Current Grading of overcurrent protection relics on the fact that the (ault current varics
with the position of the fault because of the difference in impedance valucs between the
source and the fault.

‘Typically, the relays controlling the various circuit breakers, are set to operate at different values
so that only the relay nearest the [ault trips i1s breaker.

Refer to IIG 4 which shows a radial system with current discrimination.

11kV 2000 metres 200 metres AMVA

|

| 250MVA| 240mm2 P.L.C. | 120mm? PLC. 11/3-3kV

| SOURCE| CABLE CABLE 7%

l' X X %

‘ J f H f f G 3
‘ £ A F

i Fa

| 1
||
|
|

PRAG92
FIG 4

The relay controlling the circuit breaker at point J will be set 1o operate for any fault current
between J and H, and will cover for a fault at point ¥,

ITowever, a fault at point I3 will draw nearly as much current as fault F 1 because the distance
between F 1 and [y is small and the impedance difference is minimal.

In practice there would be variations in the source fault level, and it is possible that the relay a
point J would openate for a fault beyond point [1 and incorrect tripping would oceur.

Discrimination by current is therefore not practical between J and 11, but could be achicved
between H and G due to the large impedance in the transformer.

The disadvantage of the current grading method, is that there must be an appreciable impedance
between two circuit breakers otherwise discrimination is not possible. :

IDMTGRID WPS vol3
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This problem is resolved hy using [DMT overcurrent relays which have “mverse” characterstics
where Lheir operating time decreases as the current applied to them increases.

iy Time/eurrent grading of overcurrent protection is where IDMT relays are installed on
the power sysiem.

If the relays shown in FIG 3 had IDMT characieristics, then the relay insialled on the [V syslem
at point A, would have a long operating time for g fault al paint X since the fault level is low,

Whereas a severe [ault ocourring between A and 13 would result in more current applied 1o the
relay and its operating time would be shorter,

Thus the IDMT relay provides timed backup to other relays Turther out, and also provides fast
operating time for more severe fanlls in its own area of interest

Relay Grading Margin

The time interval between the operation of two adjacent relays depends on o number of factors.
i) the fault current interrupting time of the circuit breaker,

i) the overshoot time of the relay,

i) errors in relay and current transformer rutio and phase angle,

v final salety margin on completion of the operation

A typical time grading margin, would be 0.4 seconds,
Discrimination by both Time and Current

Example: Refer lo the power system shown in FIG 5,

BE00 MVA 1540 MYA 123 VA BA T MV BT MY,
| | 1 |
1E.000 METHES 2000 METRES 200 METRES
13T kW 240 mn I3 MVA 2d0mm? FILC.  120mm® PLC, FUSES
o] :‘g;' OVERHEAD LINE 132/11kV  CABLE CABLE bt
|ﬂ-2 OHMS J 22.5% 024 OHMSE 008 OHME | —
@ - ,"‘i"“l b 3
B0/ 4 150014 | BO0/EA
REFI 11 kY
L K g
PRAGO3
EIG 5
IDMTGRD WPS val3
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AT relavs arc mstalled at points H, J, K and L s0 that minimum operating time is achieved for
the: maximum fault level that cach relay must detect, and at the same time, grade with the other
relays and the Tuses.

Refer to FIG 6 which shows the charactensties of the fuse and relays installed on the sysiem.

100.

TIME (seconds)

Gy

-
f
%1 aa-r;;:za. o 15103:5mmm

o F | B S R S i ; ]
100 1000 10,000 100,000

FAULT CURRENT (amperes) 3-3 kY BASE

PRAGY3
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POWER TRANSFORMER PROTECTION

The power transformer is one of the most important links in the power
supply system.

The large power transformer iz very expensive, but is relatively
simple in construction, and is a highly reliable piece of equipment .

The high cost of repair or replacement requires the transformer te be
protected against damage arising from internal faults or from external
overloads.

Protective equipment includes surge diverters, gas relays and
electrical relays.

A threugh fault is not in the transformer, but is located on the power
system external to the transformer.

Although faults of this type are noet in the transformer, they can
cause damage to the transformer due to the large fault ecurrents
passing through the windings or sustained overload conditions.

They must be cleared by other protective equipment installed at the
point of fault, before the transformer is disconnected.

If the appropriate protection eguipment dees not clear the fault
externally, then the transformer must he isolated.

External short circuit conditions can hbe detected by overcurrent
relays measuring current in the transformer windings.

These overcurrent relays would be time delayed to allow the external
protection to operate first.

tai c t

An overload condition, is described as a transformer loading in excess
of the kVA or MVA rating of the transformer.

This condition may not be caused by a short cirecuit, but may result
from the transfer of additional load te the transformer, after the
disconnection of another source or transformer sharing the load.

Short time overloads are noermally aceepted by the transformer, but
sustained overleads will cause the transformer windings to ocverheat,
causing damage to the windings and insulation,

Overload conditions can be detected by thermal relays which moniter
the temperature of the transformer oil and/or windings.
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Internal Faults

Internal faults in transformers occur within the transformer protected
zone, are usually very severe and there is the risk of serious damage
to the transformer and the possibility of fire,

Internal faults can be classified into two groups:
e e up!

Group 1: Electrical faults which cause immediate serious damage but
EEE—EEE:Ei ¥ detectable by unbalance of veltage or current

such as?
-\—‘—-—.—

al FPhase-Earth or Phase-Fhase fault on HV or LV external
Lerminals™

b) Phase-Earth or Phase-Phase fault on HV ar LV windings,

¢)  Shert ecircuit between turns of HV or LV winding,

—— e

a) Earth fault on a tertiary Hiﬂﬁiﬁg or shart cirecuit
etween turns of a tertiary win ng.

“%nuipi-nt“ faults which are initially mi zausing

slowly developing dama ut_are not detectable at the

wind ng terminals b

y_unbalance and include;

;

a) poor electrical connection of conductors, core faults
dué to breakdown o nsulation on la ions, bolts or
clamping rings, all of which cause limited arcing under
the surface of the oil and generation of gas,

B olant failure which will cause a rise in temperature
even below Full lead operation,

ed oil flow, which will

e) loss of cooling 6il or elo

d) voltage regulator faults and bad load sharing between
rans ers in parallel, which can cause overheating
due to circulating currents bhetween the transformers.

Generally for Group 1, it is important that the faulted equipment
should be isolated immediately after the fault has oecurred.

The faults in Group 2, although not serious in their initial stage,
may cause major faults if allowed to continue for any long peried of
time.

Group 2 faults should be cleared a= zoon as possible after detection,
and the cause investigated,

The protective devices designed to deteect faults in Group 2, are
reascnably simple, and are generally one of two types:

a) thermal devices,

b) gas actuated devices.
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Transformer Thermal Protection

Hot ©il Relay Device

A Hot 0il relay is a contact making thermometer, which direcktly
measures the transformer oil! temperature.

It is not considered to be a satisfactory overload or fault protective
device, because the thermal time constant of the o0il is much greater
than the windings, during the passage of heavy short period overloads.

The winding temperature may reach a dangerous destructive level before
the total oil temperature rises sufficiently for the thermometer to
close contacts.

0il temperature thermometers with or without alarm contacts, are
however, provided on large transformers so that the overall
temperature of the transformer can be monitored.

This is easential whare high ambient temperatures ocecur or where it is
necessary that the cocling system be monitored.

The relay contacts can be connected to initiate an alarm or trip the
transformer if the oil temperature should reach the preset value,

Refer to FIG 1 which shows a contact making thermometer deviae,

ORIG
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The oil temperature relay is operated via a mercury filled capillary
tube from a thermometer bulb placed in an oil filled cawvity at the tcp
of the transfermer tank.

The capillary tube is connected to the Bourdon tube on the device.

A temperature rise of the eil in the cavity causes the mercury in the
bulb to expand, thi=s expansion being transmitted te the BHBourdon tube
by the capillary tube.

The circular Bourdon tube will attempt to straighten out under the
increased internal pressure of the mercury.

The connecting rod between the Bourden tube and the mercury switch
carrier will cause the mercury switches to operate and the indicating
pointer to move upscale.

The mercury switches can be adjusted to close and open contacts at
various temperatures, and the pointer indication can be calibrated.

The mercury switches are adjusted to initiate a "Hot 011" alarm or te
trip the transformer.

The relay calibration is checked by removing the thermometer bulb from
the cavity and placing it in a bucket of transformer oil, the
temperature of which can be contrelled by an electrical heater.

Typical settings for a Hot Oil relay on a 132/33kV transformer are:
Alarm: go*c Trip: L

Hot Winding Relay Device

As already indicated, a Hot ©i] relay will not cperate fast enough to

prevant damage to transformer windings during heavy short period
overloads.

A "Hot Winding" device which immediately senses an overload conditien,
is desirable.

A "Hot Winding" relay, is identical to the Hot 0il device as
previously described, esxcept that in addition to placing the
thermometer bulb in a bhath of cil, a heater element supplied by a
current transformer is wrapped around the bulb.

Thus a rise in current in the transformer windings, is immediately

sensed and the relay can be thermally matched to the characteristics
of the transformer windings.

Bdditienal mercury switches can be installed to start cil pumps
running or start fans running as required in an attempt to reduce the
temperature of the transformer.

Typical settinga for a Hot Winding relay on & 132/33kV transformer
are:
Start Fans and Pumps: B5°C Stop Fans and Pumps: EL'C
Rlarm: lo0*c Trip: lio°c.
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Transformer Gas Actuated Relays

Faults inside oil immersed electrical equipment will generate gas.

Depending en the severity of the internal fauwlt, either small or large
guantitiea of gas will be generated.

Slow generation of gas will cause bubbles to rise to the top of the
transformer tank.

A large generation of gas will cause a surge of oil from the top of
the transfoermer tank through the connecting pipe to the conservator
tank.

If a fault ocecurs within a sealed space such as a tapchanger box, then
a gas pressure will be created, which could causze an explosien.

There are two basic types of Gas Actuated relaya:
a) Buchholz Relays,
b} Gas impulse Relays.

Buchholz Relay

The Buchholz Relay consists of a Cast Iron or Bronze chamber, placed
in the pipe connecting the transformer tank te the conservator tank as
shown in FIG 2.

Conparvefor.
Buchdolr
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The chamber contains twe hinged floats, one in the upper part of the
chamber and the other in the lower part of the chamber. as shown in

FIG 3.

—
™
CONSERVATOR

ORIG

A slow generation of gas in the transformer will allow gas bubbles to
travel to the top of the transformer tank, up the pipe towards the
conservator tank and become trapped in the upper part of the Buchholgz
chamber,

The upper hinged float has a mercury switch attached to it, and if
sufficient gas accumulates in the chamber, the float will drop elasing
the mercury switeh contaects and initiating an alarm,

The lower float switch has an adjustable flap attached tn it, which is
exposed to the flow of oil from the transformer tank to the
conservater tank.

If large quantities of gas are generated, thenm oil rushes through the
Buchholz relay, hitting the exposed flap and causing the float to drop
and the attached mercury switch te close contacts.

This mercury switch is connected to initiate a trip of the transformer
circuit breakers.

The sensitivity of the flap can he adjusted by exposing a larger or
smaller area of the flap te the flew of eil.

The two float switchesz can also detect a loss of oil from the
transformer as the ail level drops in the Buehhols relay.

They can be made to initiate a "low oil alarm’ er "low oil trip".
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Gas Impulse {Pressure) Relays

There are two types of Gas Impulse relays, whieh beth use a diaphragm
for their operation.

They are installed in tap changer tanks ta detect a rise in interngi
Pressure due to fault conditions.

I¥pe 1: Combined breather/pressure switch type, which under normal

conditions, and during noermal heating cycles, acts as a
breather.

The relay is above the oil level in the tank, and should the
air flow exceed a particular rate, the diaphragm will
distort and clese contacts,

Refer to FIGO 4 which shows the attangement of a breather type pressure
switeh.
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B totally immersed pressure diaphragm device as shown in

Type 2:
FIG 5.

Ot Chember

(.

\ OINNRIN NN

il

I

i
|
i

I
1]

1
i
C

Top Chonger———= i
— Swseh

il

E
|

i
||I

|
|

|

IH

|

i
R

)
2L

L
5,..

Lreplrrager
Liigoirregor

ORIG
FI1g §

For a sericus internal fault, pressure builds up in the chamber,
compressing the bellowsa, which applies pressure to the diaphragm,
which distorts and closes the micro-switch contacts.

The contacts are connected to trip the transformer circuit breakers.

The protection methods described above, to deteect Group ? faults, are
not capable of detecting external faults in Group 1 and would be too
slow to clear the severe internal faults in Group 1.

However, they do complement the fast operating protection schemes
installed to dete¢t and clear severe internal transformer faults.

Electrical methods of fault detection are required to detect and
isolate severe internal electrical short circuits in power

transformers.

Differential Protection can be used on transformers and provides high
spead (instantaneocu=s) tripping.
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Transformer Differential Protection

—

Differential Protection is a restricted zone scheme, which can be made
instantanecus in operation when a fault is detected in the protected

rone.

Eefer to FIG 6 which is a single phase equivalent of a differential
scheme applied to a power transformer. ﬁ; &gﬁfafﬂk

- operade

Tf‘ﬁ()

%gﬂmﬂ

QRIG

The scheme i3 a8 circulating current differential ecirouit, and the
single relay has one operate coil measuring out of balance current and
two reatraint coils measuring eirculating current,

The restraint coils ensure stability of the relay for amall out of
balance caused by:

a) CT mismatch,
b) transformer tapchanger positien.

For a genuine internal fault conditicns, there will be a large out of
balance current causing relay operation,

"Biagsed"” ffe tial Rel

Transformer Differential schemes use "Biassed" differential relays for
fault detecticn.

The relay is called a "biassed" relay because the restraint current
tends to prevent eparatien or "bias" the relay away from operation.

Percentage Bias = operate current
mean restraint eurrent

Usually relays have % bias settings of 10, 20, 30 or 40%, to ensure
that the relay will not operate unnecessarily due to CT mismatch or
the tapchanger position.
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Large Qut of Balance in Transformer Differential Circuits

Other than genuine fault conditions, large out &of balance can occur in
transformer differential circuits for the following reasons.

1. Main Transformer Ratio

There will be very different currents on each side of the transformer
under normal conditions due to the tranaformation ratio,

Example: 132/33kV star/star transformer has current ratioc 1:4.

Thies extreme difference in currents would give large out of balance
currents in the differential circuit unless it was compensated for by
choosing appropriate CT ratios.

Example: 132/33kV transformer in the example above would require say
500/1 CTs on 132kV side and 2000/1 CTs on the 33kV szide te
give equal CT sutputs under balanced or no fault conditions.

2. Main Transformer Vector Grouping

The connection of the primary and secondary windings of the
transformer in either Star or Delta, can produce a phase shift between
the primary current and secondary current.

The choice ﬂf_ﬂnﬁnl:tinnl and resulting phase shift is called a

ysctor grouping
Examples: ¥y0, D40, Dyll, ¥dll, Dyl, ¥Ydl ete.

Although the ratio of the transformer can be compensated for by choice
of CT ratios, the phase shift due to vector grouping is cancelled by
connecting the CTs in the opposite vector grouping.

Example: Dyl transformer uses Ydll connection of CTa.

3. Magnetising Inrush Phencmenon

When a power transformer is energised from cne side, with ne lead
connected to the other side., only one side of the transformer will
have current flewing.

This means that only one set of CTs will have an output, and there
will be an unbalance in the differential circuit causing relay
operation under pno fault condition.

The inrush current only lasts far a short time, and contains a large
proportion of Second Harmonic components (100Hz).

It is necessary to have extra restraint applied to the differential
relay during this time, to prevent unnecessary operation.

This extra bias is called "Harmonic Bias" and is achieved in a number
of ways but usually by using a tuned circuit to extract or reject the
harmonic components.
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CAPACITOR BANK PROTECTION
High Voltage Capacitor Banks are installed in substations to provide reactive power (Vars) when
load on the substation is mostly inductive,

This has the effect of correcting power factor and also maintaining normal system voltage at the
substation.

Capacitor banks are groups of individual paper capacitors housed in sicel cans, and nrmngcd.as
three phase star or della connections,

Most high voltage capacitor banks are connected as double star connected banks as shown in FIG
l.

_______ AV Bosbar induiazoiiil
s SENO
B 5. i I
l E
FIG1
An altemnative connection of capacitors is the split phase arrangement where there are two series
conmected groups in parallel with cach other in each of the star connected phases as shown in FIG
2,
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Qvercurrent and Earth Leakage Protection of Capacitor Banks

Insulation failure in individual capacitor cans can lead to earth faults in the bank, while short
circuiting of a number of cans in a phase can lead to cxcessive current being drawn.

Owvercurrent and earth leakage protection can be applied to a capacitor bank using conventional
non-directional induction disc overcurrent relays.

Refer to FIG 3 which shows a two phase overcurrent and earth leakage scheme applied to a
capacitor bank.
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The relays are supplied from current iransformers installed on the high voltage lines.

The two overcurrent relays will detect excessive current in the lines cansed by phase-phase faults, )
and the earth fault relay will detect zero sequence components of earth fault current or unbalance _;,.
current.

The sensitivity of the overcurrent relays is such that they may not be able to detect the failure
(open or short circuit) of individual capacitor clements because their minimum operating current
must be higher than the normal reactive current drawn by the capacitor bank.

While the failure of one capacitor in the whole bank may not seem critical, it must be remembered
that the voltage applicd to a series connected set of capacitors will be divided according to their
capacitance values.

If one capacitor in a series group goes short circuit, the voltage across each of the remaining
capacitors will increase.

This will result in the other capacitors being overstressed and possibly lead to sequential failure of
the remaining capacitors.

Protcap.wpsuveld
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Capacitor Bank Out of Balance (QOB) Protection

[n addition to Overcurrent and Earth Leakage Protection, a sensitive detection scheme must be
used to identify the failure of individual capacitor clements in a capacitor bank.

Refer to FIG 4 which shows an OOB relay connected to a double star connected capacitor bank.

R 8 -L

ORIG
FIG 4

The relay is supplied from a current transformer which is installed in the connection between the
star points of the two star connected banks.

If the two star connected capacitor banks are healthy and perfectly balanced, the potential
difTerence between the two star points should be zero, and no current will flow through the
primary of the CT.

If a capacitor element fails (becomes open or short circuit), the voltage at the star point of that
bank will shift from zero, and OOB current will flow between the two star points, producing an
output on the CT and causing relay operation.

The relay pickup value can be set very low if required (enough to detect one faulty capacitor)

because under normal operation, there is no current between the star points and therefore no relay
current.

Protcap,wpsuvol3
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@ut of Balance Protection Applied to Split Phase Capacitor Banks

The Split Phase Capacitor Bank shown in FIG 2 requires special attention to detect a capacitor
failure in either of the two parallel branches in each phase.

Refer to FIG 5 which shows OOB relays connected in each phase of the capacitor bank.
'Gi._“:l!l-: d’)i £

cts
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FIGS

Notes: Two CTs are connected back-back, one in each parallel branch of the phase
connection,
The summated output of the two CTs supplies & relay.
It all capacitors in the capacitor bank are healthy, the currents flowing in the two
parallel branches will be equal und the two CT secondary currents will balance,
giving no relay current.
If one capacitor element fails, the unequal currents in the parallel branches will
produce unequal CT outputs,
The unequal CT outputs will produce a relay current, causing relay operation and
subsequent tripping of the circuit breaker which controls the capacitor bank.

Balancing of the Capacitor Bank

The extreme sensitivity of the OOB scheme means that the individual branches of the capacitor
bank must be correctly balanced during commissioning and also after replacement of individual
capacitors after failure,

The percentage tolerance of individual capacitor clements, means that capacitance measurement
of each can and calculation of total branch capacitance must be carried out so that perfoct balance
is obtained in normal service.

It a perfect balance is not possible, then the OOB relays must be de-sensitized so that they ignore
the small OOB that exists normally,

Proteap.wpsuvold
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TRANSMISSION LINE PROTECTION

t o Schems

A "Unit" Protection scheme is a protective scheme which will respond
only to fault conditions occurring within a clearly defined zone,

It is sometimes called "Restricted Zone" Protsetion,

As the scheme does not involve "time grading™, it can be relativaly
fast in operation (instantaneous).

A "restricted zone" is usually achieved by means of a compariscon of
quantities at the boundaries of the zone (EIyn = Zlgye).

Differential Protection

"Differential Protection" is a scheme which compares the sum of the
currents entering the zone (IIia) with the sum of the currents leaving
the zone (ZIsae}.

Differential Protection can be applied to Generators, Transformers,
Busbars and Tranamission Lines.

The scheme requires current transformers (CTs) to be Placed on the
line to measure current flow at every zone boundary.

The physical position of the CTs determines the boundary of the zone.

Refer to FIO 1 which shows a single phase representation of a simple
differential scheme uaing two CTs, 3

; T— Protecled Tone — =
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ORIG

Hotes: The limits of the "protected zone” are where the CTs are
placed on the line.

The two CTs have equal ratiecs,

An "internal" fault is defined as a fault occurring within
the protected zone.

FRATEMIT 0T Lol
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&n "external™ fault is defined as a fault ocourring outside
the protectad zone.

This connection is ecalled a "Circulating Currept" connection
because under no fault or external fault cenditions, the

outpute frem the two CT=s are equal, and will "eirculate"
betwesn the two CTs.

Only out of balance current from the two CTs will flow
through the relay operating coil.

There will be much out of balance current from the CTs when
a fault occurs within the protected zone because the total
currant entering the zone will be greater than the total

current leaving the zone.

The operation of the relay would have to initiate a trip of
the ecircuit breaker (CB) on each side of the fault to

completely clear the fault,
Differential Protection Applied to Transmission Lines )

As the two ends of the tranamission line will be many kilometrsas

apart, there will be a relay at each end of the line to trip the CB at
each end of tha line,

8o that the outputs of the two CTs at each end of the line can be
compared, the two ends of the scheme must be joined together by "Pilot
Cables", which are underground multicore cables usually used for
communications and/or muxiliary control funetisons,

Thua Differential Protection applied to Transmission Lines is commonly
called " A

WMLM

The scheme shown in FIG 1 was a single phass circuit.

Three such schemes would be needed to protect a thres phase line. ._@
.

This would require aix pilot cable cores to connect the ends togather,

As pilot cables have to be buried, and are very costly to install, it
is necessary to limit the use of pilot cable cores.

The number of pilot cable cores needed for a three phase acheme can be

reduced from six to two by using "Summatjon™ current transformers at
each end of the differential schema.

A "Bummation"™ CT provides a single phase output which is proportional
to a three phase input.
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Refer to FIG 2 which shows a Circulating Current Pilot Wire Protection
Scheme applied to a three phase transmission line.

Protected line
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The outputs from the three CTs at sach end are applied to a
summation transformer and provide a single phase gquantity
for comparison with quantity frem the other end through two
pllot cable cores.

There is a detecting relay at each end of the line.

The detecting relays have both “operatipng" and "restraining"

colls,

When current flows through an "gperate" coil, the relay
tends to close contacts and gperate.

When current flows through a “:g.f:g;g;“ coll, the relay
contacts are held open and the relay does pot _cperate,

The oparate and restraint quantities work against each
other, so that when operate is greater than restraint, the
telay will operate and vice versa,

The addition of a restraint coil to thae relays, provides
stability, for situations where there may be some small out
of balance current under no fault conditions, due teo CT
ercrors or mismatch.

Under ne fault or through fault conditiona, current
circulates from end te end through the restraint calls, and
no current flows through the relay operate coils.

When a fault occcurs within the protected zone, the -large ocut
of balance eurrent will flow through the operate coils of
both relays causing relay operation sipee there will bhe very
little if any restraint coil eurrent.
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Two hazardous conditions can exist when connecting two

substations together with pilot cables.

a) There is a possibility of high induced veoltages in thae
pilet cables under HV fault conditicns and

b) the high potential difference that may exist between
the two ends of the transmission line under fault
conditions being transferred to the other end through
the pilot cables.

For reasonzs of aafety., the pilot cables used in the
protection scheme must be passed through a 1/1 ratio Pilet
Isolation Transformar (PIT) at each end.

The insulation level provided between primary and secondary
of the isolation transformer is 15kV.

If the pilot cables are broken either accidentally or deliberately )
when the line is in normal service (no fault), then both relays will
oparate immediately, since all the ecirculating current will now pn:nu@
through the operate coils at each end, e

If the pilet cables are short eircuited, the schems may be rendered
inoperative.

me

The Circulating Current Pilot Wire Protection Scheme can be converted
to a "Balanced Voltage" scheme by crosasing the connections between the
two ends that are compared.

Refer to FIG 3 which shows a single phase "Balanced Voltage"
differential achems.

ORIG

Motes: The scheme iz similar te the ¢irculating Current scheme
except that polarities are arranged so that no current f£flows
from end teo end except under fault conditions.

The positions of the operate and restraint coils are
revarsed,
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A1l other features of the thres phase CC scheme are ineluded
(pilots, summation CTs, PITs atc)
ant 5 O e B nee olt ch
Open circuit pilots will render the scheme inoperative,

Short eircuit pilots may cause operation of the scheme under no fault
conditions, depending on the location of the short in the pilota,

The possibility that the balanced voltage scheme may not cparate when
required, due to damaged Pilots, requires superviaion of the
of the pilot cable cores used for ths scheme,

Two methods can be used to detect damage te pilot cables,

a) Use the outer pilot cable cores far communication services, and
the loss of communication circuits would indicate possible pilot
cable damage, )

h) At one end of the scheme, superimpose a DC supply between the twe
pilot cable cores used for the pllot wire scheme, and connect a
supesrvision relay across the pilota at the other end, to initiate
an alarm should the DC supply disappaar,
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Distance Protection is a scheme which measures the distance to the
point of fault from the measuring point by calculating the impedance
along the line (ratie of magnitudes of faulty phase voltage and faulty
phase current gives ratic 2 = V/I).
Ex les:
L Fault a long distance away.

¥ = high value and I = low valums

Ratio 2 = ¥ = high

I low

high value

The high value of impedance measured is consistent with the fault at a

long distance from the measuring point or no fault at all.

2 Fault a short distance away. Vﬁ
V = lew valua and I = high value

Ratic 2 = ¥ = low = lew valus
I high

The low value of impedance measured is consistent with the fault close
to the measuring point.

This means that the the measuring point is to the fault, the
lower is the faulty phase yoltage and the higher 1s the faulty phase
gurrent and vice versa.

Palanced Beam Comparatox

The balanced beam comparator can be used to compare the magnitude of
two quantities.

Refer to F10 .4 which shows the arrangement of a Balanced Beam ﬂ
Comparater. .
Bty
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The balanced Beam Comparator has two coils and armatures,

b an gperate coil which when energised will tilt the beam ta
close the relay contacts,

il) ar int coil which when energised will tilt the beam to
keep the relay contacts open.

When the two cails are energised simultaneously, if the operate

gquantity is greater than the restraint gquantity, then the relay wil]
close contacts and operate,

I1f the restraint quantity is greater than the cperate quantity, than
the relay contacts will remain open and the relay restrains,

mmﬂmmumu

The balanced beam comparator can be used as an "impedancae" measuring
device by connecting it in the follewing way:

a) faulty phase voltage connected to the restraint coil,
b) faulty phase current connected to the operate coil,

There will be a particular ratio of 2 = V/I at which the beam will
balance (neither operate nor rastrain).

If the current is slightly higher and voltage slightly less (fault
closer), then the beam will tilt apd close contacts {operate).

If the current is slightly lower and voltage slightly higher (fault
further away), then the beam will tilt and open contacts (restrain),

These characteristics give the "impedance" relay a circular
characteristic as shown in FIG 5.

ARG AND b i

Operate for
Z weide ciccle

Tiox; ORIG
FIa’s
Notes: The circular characteristiec is drawn on a set of R/X axes

known as an Argand diagram.
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Any combination of V and I giving a value of 2 ipside the
circle will cause relay to operate,

Bny combinaticn of V and I giving a value of 2 outside the
circle will cause relay to reatrainp.

The ecircumference of the cirele is the balance point of the
beam (neither operate nor restraint) and is called the
"reach" point of the relay,

The radius of the circle is the reach of the relay in ohms
along the line from the measuring point.

The reach of the relay can be changed by adjusting the
sensitivity of the cperate and restraint esils or by 2
changing the ratios of the CT and VT supplying the current
and voltage.

The impedance relay has no directional characteristie and

only measures the magnitude of fault impedance at any
impedance angle..

L
Impedance measured in the forward direction (out along the
line) will be in the range +;x= through pures R to -3jXe.

Impedance measured in the reverse direction (behind the
relaying point) will be in the range +3XL through -R te
=-1Xd,

Impsdance measured in the reverse direction corresponds to
fault current flowing inte the measuring point frem tha
other and of the line,

Directional Impedance Relay

The impedance relay can be given a directional characteristic by
adding a directional relay (similar to directional overcurrent) where
the directional relay will only close contacts over a range of 180°.

The impedance relay will now have a semi-circular characteristic as L;}
shown in PIG 6. ‘ ;

l
(:f;ﬁ € inside clecle

ORIG



Fage - 9 254

While the addition of the directional characteristic has prevented the
relay from cperating for reversze faults, the relay characteristic is
far from ideal for measuring impedance of a transmission line under
fault conditions.

Most transmission lines under short circuit conditions, are highly
inductive, and have fault impedance angles in the range 80" for 33kv
lines to almoat 90" for S00RV lines.

Generally, the higher the operating voltage of the transmission line,
the higher is the impedance angle. .

Ideally, the relay should menuﬁrc the impedance of the line at the
exact line impedance angle.

Eolarised Mho Distance Relay
e,

Larchs
The Mho (Admittance) relay is a modified impedance relay which has a
directicnal characteristic, offsetting the circle from the origin.

The relay can be :.uuxg.u to look in a particular direction with the
circumfersnce passing through the origin of the Argand diagram as
shown in FIG 7. ing

HTT T Diomerer > ML maximum
: veach
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Hotes: Relay reach is measured from the origin to the circumferencs
of the circle, ;

The diameter of the circle is the maximum reach of the
relay,

Thé circle is coffset and the diameter is inclined at an
angle 8° from the zero axis.

' is called the "Maximum Reach Angle"™ (MRA) of the relay.

The MRA of the relay should be the same as the impedance
angle of the transmission lina.
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Setti Xim ch of the ce Rela

The maximum reach of the relay can be adjusted to lock as far along
the line as desired, for fault detection.

Ideally, the relay should be adjusted to reach exactly 100% of the
length of the line, and as it is a "restricted zone" scheme, it can ba
made to trip instantanecusly.

However, errors in the CTs and VTs supplying the relay, relay
inaccuracies and line impedance variation, mean that it is almoat

fmnglgihlf to adjust the reach of the relay to exactly 100% of the

ine length.

For these reasons, the relay is adjusted to reach enly 80% of the
langth of the line so that the relay never - and trips for
a fault beyond the end of the line.

Faults beyond the end of the line should be detected and isclated at
the next substation, s0 that unnecessary tripping does not ooccur at
remote locations. f@

Zonea of Distance Protection

Zone 1 Relay
The relay adjusted to 80% of the line length is called a “Zone 1"

relay.

Faults in the last 20% of the line would not be detected by this
relay, although they must be isclated at this end of the line.

Zone 2 Relay

An additional relay must be installed to cover faults in the last 20%
of the line.

The reach of this additional relay is adjusted to approximately 125%
of the line impedance which means that it covers faults beyond the ens

of the line, @8
This longer reach of the a o relay can ba used to advantage, by
backup to protection at the remote substat on, should

there he a failure to trip at that location.

This second relay is called a 'ggmgag“ relay and will operate for
faults from 0-125% of the line Tmpedance. I,

A reach of 125% of line impedance will extend inte the aquipment at
the next substation, and depending on how the transmission line is
terminated {sither directly into a transfermer or ents a busbar), the
Zone 2 relay may detect faults in the transformer windings or out
along another line connected to the remote bushar.

Tharafore the Zone 2 relay ia time de by about 30 to 50 cycles
(0.6-1.0sec) to provide time grading 3 the remote profection scheme

that it is Backing up. i
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faults at remote locations.
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Qne disadvantage of the Polarised Mho Zone 1 relay characteristiec, is
that the relay will net a te for a " o_ohms" fault {(three phase
short circuit at the measuring point due to operator accidentally
closing CB onto a set of earths).

This clese in three phase fault is very severe, and will not be

detected by the Polarised Mho relay gggg;;s_l;_li;;_nn‘ihg
circumference of the circle (a non-operate condition).

o

To cover this contingency, a thir i= installed at the meaguring
E“i“t which has the circumference affset fra he ori sc that
.zero ohms" lies within the operate region of the relay,

This relay 18 called an "Offset Mho" relay, and its characteriastic 1is
shown in FIO 8. s&dfo
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Meach. Fig 8
Noteg! The cirecle diametar is inclined like the polarised mho ralay

at angle 8 called the Maximum Reach Angle.

The relay has a forward reach and also a backward reach
which is approximately 10% of the forward reach valua.

The forward reach of the relay is adjusted to approximately
250% of the line impedance,

The additional reach of the "Zone 3" relay is intended to provide
additional remote backup beyond Zone 2.

The lay has a time delay on tripping of akout 150 gvcles
ec) to allow remote protection to more correctly operate and clear




§Is Page - 12 A

Threes Phase Three Zone Distance Protection Scheme

The use of threa relays (Zones 1, 2 and 3) provides instantaneous
tripping for faults in the first 20% of the line, 30 eycle delayed
tripping for the last 20% of the line, and delayed remote backup for
distant faults.

The delayed tripping for faults in the last 20% of the line may seem
undesirable, except that depending on the system fault impadance. the
and of line fault will ba less savers.

This would bs the case for a radial feeder, but in the cagse of an
interconnector (power source at both ends), the fault would be fed
from both ends and would reguire a CB at each end of the line, and
seta of distance relays installed at each end looking towards each
other.

In this case the remote end Zone 1 relay would trip the remote end ©B
for a fault within 0-20% from the other end and the local end relay
would see the fault in Zone 2 and would trip the local cB in 30

cycles. )

Te cover all the possible combinations of phase-phase and phase-sarth
faults on the line, a full set of raelays measuring impedance for each
typa of fault muat be installed.

Depeanding on the type of fault to be measured, the gquantities applied
to each relay will be differsnt,

TIPE OFERATE REBTRAINT POLARIBING
OF FAULT QUANTITY QUANTITY QUANTITY
A-B In = In Van Vea
B-C Ian = Ig Vg Van
C-A Ie = In Vo Vae

A-E In - kin Varn Ven k_'}'
B-E In - klIn Vew Van
c=R Iz - klx Ven Vam
Notes: The operate gquantity is derived from the faulty phase
current.
Ehftfszgzgigt quantity is derived from the faulty phase
o v

The polarising quantity specified iz required to give the
relays the polarised characteristic, and is derived from the
"leading healthy phase voltage" in each casa,
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During a clese in three phase zero volt fault, all the
restraint and polarising voltages are zero, and this results
in the peolarised mhe relay remaining inoperative,

Correct earth fault measurement requires a compensation
factor to be applied to allow for esarth return path
impedance, and so a proportion of earth current (kIs) is
used.

cs of th st

Combining the characteristics of the Zone 1, 2 and 3 relays on the one
diagram gives the averall characteristies shown in FIG 3.

ORIG
EIg 9

The time/distance relationships for the three zone scheme is
represented by FIG 10.
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3 12 GENERAL
1.1 Introduction

C.T.'s and V,T."s are necessary to isolate the voltage and
current coils of the relays from the high voltages of the power
system, and to supply standard values of current and voltage to
the relays, for example 5A or lA for current coils and 110V for
voltage coils, thus enabling standard relays to be 'matched' to any

power System.

.1 Basic Transformer Principles

When an alternating current flows in the primary winding,
that current creates a magneto-motive force (m.m.f.) whiech results
in an alternating flux in the core, which, in turn, induces an
electromotive force (e.m f,) In the primary winding and in any other
windings wound on, or linked with, the core.

A transformer, conslsting of a core of magnetic material
on which are wound two windings, can be operated in tws basic modes,
shunt and series,

In the shunt mode, as in power or voltage operation, a
valtage {s applied to the terminals of the primary windings, which,
since the induced e.m.f. In the primary winding Is sensibly equal to
this applied voltage, determines the magnitude of tha core flux and,
therefore, for a glven sectional area of core, the flux density in
the core. With no burden (lead) connected to the secondary terminals
the current flowing in the primary winding will be that necessary to
exclte the core, With a burden connected to the secondary terminals
currant will flow Lo the secondary winding, its value depending on
the Impedance of the burden, and additionsl current will flow in the
primary winding depending on the turns-retic of the transformer. The
ampere-turns (AT) of the primary winding alwiys exceed those of the
secondary winding by the amount necessary to exclte the core,

In the serles mode, that ls, in current operation, the
primary winding is connected in series with the power system whose
relatively high Impedance determines the magnitude of the primary
current, and a component of thls current excites the core to the
flux density necessary to induce in the secondary winding an e.m.f.
sufficient to drive the secondary current through the total impedance
of the secondary civcult,

In power and volrage transformers, therefore, the core
flux density is substantially constant under nermal aperating
conditions; but in current transformers it {= dependent on the
magnitude of the primary current and the impedance of the secondary
cireuit,

Figure 1 shows a simplified equivalent circult for a two-
winding transformer of 1/1 turns ratis, the leaksge inductances having
been omitted, (See sectien 1.4), In voltage operation we are
interested in the magnitude and phase differences between the primary
and secondary voltages Vp and Vs, caused by the currents Ip and I,
flowing In the primary and secondary windings, the resistances of
which are denoted by By and Ry respectively,
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Figure 1 Equivalent Cilireuit for a
Tranaformer of 1/1 Turns
Ratlioe and Negligible
Loakage Flux

Figure 2 Vector Diagram for
Circuit of Fig.3.1
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In current operation, howewer, we are not uswally interested
in these wvoltage relationships at all but in the relationship betwean
the primary current I and the secondary I., It will be noted that
these currents differ by the amount of the core exciting curTrent
I, which 18, of course, a component of IP'

2. STEADY=-STATE THEORY OF CURRENT TRAMSFORMERS

2.1 Equivalent Clreuit, Veckor Diagram, Ervors

Referring to figure 1 it will be seen that the errors
of a current transformer are caused by a component of the primary
curtent being utilised to excite the core, with the result that
only the remainder of the primary current is available for 'passing
on' to the secondary clrcuit, Thus, for a 1/l turmns ratlo, Iy =
1, - 1, whare Iy is dependent on the induced ea.m.f. Ey (equal to
Iz (Rg + ZpJ)), and on the exciting impedance 24, In this circuit
Ry is the resistance of the secondary winding and Zp the impedance
of the secondary burden.

Treating Z, as & linear impedance, the vectorial relation-
ship between the fundamental frequency currents are typlcally as
in figure 2, This shows that the vector difference between I, and I,
is Iz, and that Iy, the component of Iy in phase with Ip, constitutes
the current (magnitude) arrer and I, the component of Iy in quadrature
with I1,, Tesults {n the phase srror @, Tha relativa values of the
currtut errar componant Iy and the phase error =amp1nunt Iq depend
on the phase displacement of Is and ls, the current lerror belnog a-
maximum and the phase error zero when Ig and [, are Ln phase, that
is when the total Impedance of the secondary eireuit and tha
exciting impedance Zz are of like power factor, Under such conditions
the current error of a transformer with ne turns correctlon, that is,
with {ts turna ratio equal to the nominal current ratio, is equal to
the fundamental frequency component of the exciting current (usually
expressed ms 8 percentage of the primary current).

Composite Error - This~term is Iintroduced in connectlon with protective
current transformers . .

'Composite Error' {s the r.m.s. value of the difference
between the [deal secondary current and the actual secondary current,
including the effects of phase displacement and harmonics of the
exclting current, Io 4 c.t. with negligible leakage of flux and ne
turns correction, that is, with turns ratio equal to the nominal
current ratio, composite error corresponds to the r.m.s. valua of
the exciting current {usually expressed as a percentage of the
primary current).

Again referring to figure 1, if Z, was in fact & linear
impedance the vectorial error Ip of figure I would be the compositce
error, In practice the magnetising impedance Zy is nom-linear,
with the result that the exciting current I, conteins some harmonics
of the fundamental frequenecy which increase {ta r.m.z, value and
thus incresase the composite error, This effect i3 most noticeabls
in the regiom approaching saturation of the core.
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It will be noted that the composite error is greater than
the wvectorial error, the current error or the phase (guadrature)
error. For sxample, If a transformer with no turns correctico had
an exciting current, in terms of primary current, of 5 percent
fundamental frequency component plus 5 percent harmonics, .the
compesite error would be (52 4+ 54} = 7,07 per cent. The vectorial
eeror would be 5 percemt, the current error would not exceed 3
percent, and the phase error would not exceed 5 centivadians, that
is, 2.87 degrams.

It ahould also be noted that composite error, because
it includes harmonlcs, cannot carry a8 plus or minus sign,

2,2 The Influence of the Core; Magnetic Materials and
Magnetisation Curves

It has been shown that the errors of a current transformer
{e.r.) resule from the core exelting current, so it 1s obvicusly
of first importance when considering the performance of a c.t,
to be able to caleulate or measure the exciting current,

The excitation or magnetisation characteristics of a e.t.
depand on tha cross-sectional area and length of magnetic path
of the core, the number of turns in the windings and the magnetic
charscteristics of the core material, Figure 3 shows typlcal
magnetlaation curves for thres core materisls commonly employed in
inatrument transformers, namely {a) cold-rolled non-oriented
sllicon steel, (b} cold-rolled orientad silicon steel, (e}
nickel=iron. The curves show the exciting force (m.m.f.) in r.m.s.
AT/em (ampere-turns per cm length of magnetic path) agalnst peak
flux density Buay in deci-Webers per sq.m. of net sectional core
area It will ba seen that at lew flux densicies
{a) has the lowest permeability and {c) the highest permeability,
while (b) comes in between but has ar outstendingly high permeability
at high flux densities. A characteristic lylng between those of the
individuas] materials can be obtained by bullding composite cores of
two or more materials. ;

The core peak flux denslty Bp,, can be caleulatad from the
formula:

E
3
o Wh/m?
Brua s 4. GAT AT o

wherg Eg = the secondary e,m.f. in volts
Ty = the number of turns in the secondary winding
A = the net core section in sq. metres

and f {3 the frequency.
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Reference to flgure 1 shows that E; = I.(R; + Z),), where
Zy is the impedance of the external secondary circuit or the burden,
so that for a constant burden Zg the core flux density varies
directly as the secondary current. It will thua be apparent
from figure 3 that as the primary, and cherefore the secondary, currents
are Increased, a point is reached at which the core material starts
to saturate and the exciting current becomes excessive, thus resulting
in excessive current error. The exciting current is, of course, equal
ta the m.m.f. in AT/em multiplied by the length of the core path
{in em} and divided by the number of turns in the winding to which
it is refarved, alther primary or secondary.

Reference to fligure 3 shows that if the flux density at
rated secondary current ism 1 deci-Webar/mé s B .k,
with & nickel-iren core to curve {¢) would have good accuracy up
to five times the rated ecurrent, If however, cold-rolled silicon
steal with characteristics to curve (b) im used, the accurscy would
be reasonably goed up to 10 or 15 times the rated current although
not as good below five times rated current as it would be with core
materlal to curve (c).

Figure & shows typlcal curves relating primary to secondary
current using the materinls whose magnetisation characteristics are
given in figure 3.

When considering the performince to be axpected from a
given c.t., the exclting current can be measured at various values
of e.m.f. For this it is usually more convenient to apply & varying
voltage to the secondary winding, the primary winding being open-
eireulted, Figure 5 shows a typlcal relationship between secondary
e.m,f, and exelting current determined {n this manner.

The pelat ¥, on the curve is arbitrarily called the knee-
point, and {8 defined as the point at which an incresse of 10 percent
in the exclting e.m.f, produces an increase of 50 percent in the
exciting current, -

From the information given in figure 5 the percentage
exclting current, which is equal to the maximum composite error
ina ¢,t, with no turns correction and nmegligible leakage flux,
can be caleulated for any operating condition.

For example, with a burden impedance of 152 (15VA at 1A)
of 0.7 pewer factor, the total secondary circuit {mpedance, adding
the 12 winding reslstance vectorially, would be approximately 16,33
and the secondary e.m.f, at LA (5004 primary current) would be 16,3V,
At 10 cimes this current Es would be 1565V (assuming no saturation)
and the exciting current approximately 70mA, which is 0,7 percent of
the ideal secondary current of 10A., This means that the current
and composite errors would not exceed 0.7 percent and the phase
error could not exceed 0,7 centiradians, equal to 0.7 x 34,38 = 24
minutes, (Note: If the burden power factor were 0.7 lagging, the
phase error would be unlikely to exceed 10 minutes because the
exclting &nd secondary currents would be almest In phase, GSee
flgure 2,
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Figure 6

Flux lLeakage in Wound=
Primary Current Transformer

Figure 7

Flux Leakage in Wound-
Primary Current Transformer
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At 7500A primary current the secondary e,m.f. would be
approximately 250V, giving an exciting current af 200mA which is
1,33 percent of the nominal secondary current of 154,

T Single-Turn Primary Current Transformers

Toroidally wound ring core c.t, s are commonly used because
they can conveniently be mounted on a bushing in switchgear or &
power transformer, which then serves as am insulated single-turn
primary, At low primary currents, howover, it may bhe difficult to
obtain suffleclent output VA at the deslired accuracy becsuse, not
ouly is a large core section required ta induce the required
secondary e.m,f, in the small number of secondary turns agsociated
with the single-turn primary, but also the excitimg AT, and,
therefore, the errors, are large as a percentage aof the small value
of primaty AT available. In particular, this effect {5 pronounced
when the core diameter is made large in order to fit over a large
diameter high voltage bushing, because this lncreases the length
of the flux path and hence the AT necessary to excite the core.

1.4 Fl alkage

In the feregolng, flux leakage effects have been assumed
to be negligible, which fortunately is substantially true for a ring
core with uniformly wound secondary winding and centrally positioned
primary conductor which does not bend round the outside of the core
at n small radius, In wound primary c.t. s particularly when the
primary and secondary windings are not clesely coupled, there may ke
conaiderable leakage flux adding to the mutual flux in the parts
of the cora where the influence of the m.m.f. due to the primary
AT predominates over that due to the opposing AT of the secondary
winding, so that the core flux density is non=uniform along the
core flux path. An extreme example of this effect, chosen merely
for {llustration, is shown in figure 1, where the primary and
secondary windings are positioned on two opposite limba of a
rectangular core, It will be seen that leakage flux §y adds to the
mutual flux Jy in the lefr=hand portion of the core on which the
primary coil is wound, Even in designs with concentric primary and
secondary windings, such as the shell-type core {1luserated in figure
7, the leakage flux passing between the primary and secondary windings
and returning to incresse the flux density in the outer limbs and
yokes of the core is appreciable,

Under conditlens such as these, the performénce can not be
caleulated without & detailed knowledge of the flux distribution
throughout the core, since, im order to arrive at the total exeliting
current which constitutes the error in current transformation, It 1s
necessary to assess the sum of the exciting AT required for the
various valuas of flux density existing along the core flux path,
Filgure 6 shows a aimplified equivalent circuit which rakes such flux
leakage Into account, In theory the core flux path would have to be
divided into an infinite number of small lengths and the flux density
and exciting AT calculated for the flux density of each lemgth. Im
figure #, however, the core is considered in three zones having flux
densities porresponding to induced e,m.f. s, Ep, By (intermediate)
and Eg for the three zomes indicated in figure 6. These zomes have
exciting impedances 2.y, Z.; 3nd Z,4 taking exciting currents Igy, I.z
and Tesy respectively.
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The effects can be reduced by increasing the core sectlam in the
parts of the core carrying the leakape Flux, and in shell=type
cores such as thal shown in figure 7 [t {5 beneficial tu ircrease
the section of the outer limbs or yokes tu ohtain & Flux density
comparable with that in the centre limb of the core.

This subject is very invelved and cannot be treated
adequately here, but it might be noted that the concept of
representing flux leakage by so-called “secondary reactance",
which 1s considered to add to the burden and therefore to increase
the flux density throughout the core, is completely erronecus, and
cannot be applied satisfactorily for core flux densities cutside
the linear portion of the magnetisetfon characteristic, that is at
low and high flux densities.

While, it general, leakage flux should be avoided in
protective c.t, 5 it can be beneficial in c.t, 's for the operation
of meters, instruments and certain forms of protection far the
following reasons:

In a e,t, supplying a resistive burden the additional
care excliting current due to the leskage flux leads the axclting
current due to the mutual flux hy 90 degrees. Thus the total
exclting current (8 brought more nearly Into phase with the primary
current, and this reduces the phase error, while the reduction in
secondary current mlhnltudi, due te the same effect, can be compansatad
by an increase in turns correction, that is a reduction in the numbar
of secondary turns,

Secondly, an increase in leakage flux i3 accompanied by a
decrease In the mutual afr Flux, so that &t primary currents above
the value at which the core saturates the increase in secondary
current, for & given Incrvease [n primary current, {5 reduced, Thus
im e.t. & with high Leakage flux Lhc secondary current is more
effactively limited at high syster fault currencs and this affords
protection to the windings and movements of instrumenca, meters and
Talays.

.3 Balapcing Windings and Eddy-Current Shielding

It has bean shown in the previous sectlon that when leakage
flux links the primary winding and nect the secondary winding the
resultant incredse in exciting eurrent resylts im a redvetion of
secondary current, that Ia In a negative eurrent error. When part
of the secondary winding 1s mueh more closely coupled with the
primery winding that the remainder of the secondary winding, so that
some core flux links both the primary winding and the more closely
coupled part but noct the loesely coupled part of che secondary winding,
a counter effect occurs which tends to Increase the secondary current
above the nominal value. This is shown in figure % where a rimg core
with a unfformly spaced secondary winding is linked with an
unsymmetrically disposed primary winding, UL being the leakage flux,
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Severe leakage flux effeets, whether resulting in pasitive
or negatiwve current errors, are undesirable in c.t. s required for
certaln forms of balanced protection, In wound primary transfermers
these vifects are under the contral af the c.t, designer and can be
minimized by suitable dispasition of the windings, Alse, in the majority
of applications where ring core c.t. & with uniformly spaced secandary
windings are mounted on bushings, the spacing nf the neighhouring
phase conducter, which forms the return lecp of the primary winding,
is such that up to the values af fault current envisaged the leakage
flux effects are of little or no consequence, However, there are certaln
applications where the fault current may be extremely high and the affect
of the proximity of the return conductors is not readily assessable by
the c.t, deslgner, and in such instances ir may be necessary to employ
balancing windings or eddy-current shielding to reduce the leakage flux
to an acceptable level,

The arrangement of balancing windings i{s shown diagrammatically
in figure 10, This consists of a number of unlformly disposed windings
conmected in parallel and having {dentical turns. The fllustration
shows the balancing windings wound aver the secondary winding but it
may be convenfent to locate the balancing windings next to the cora.

The action of balancing windings is as follows, With unlform
flux throughout the core, that is, ne flux leakage, equal e.m.f, s are
induced in all the windings and becauas the windings are in patallal
no currant flows In them When flux leakage ceceurs the flux ih ne longer
uniferm throughout the core and unequal e.m.f. s are thersfore induced
in these windings, resulting in eirculating eurrents and local mm.f, &
which counteract the unbalanced m.m.f, s responaible for the flux leakage,
thus reducing [t

The secondary winding itself may be arranged to perform the
balancing function by forming it from a number of parallel connected coila
but, since this would require esch coll to have & lurge number of turns
of fine wire, it s usuvally preferable to emplov grpirate balancing
windings each of & few turns of a conductor of comparatively large section.
The number of turns in the balancing windings {a unimportant, the lower
Limic being & single-turn for esch, connected In parallel by heavy copper
rings. 1t ls an obviaus step from such an arrangement to enclose the cere
in a split tubular sheath of conducting mater{sl; che gap at the split
prevents it forming a short-circuited turn on the core, In effect this
iz an Infinite number of single=turn colls eannected in parallel and is
more correctly termed an eddy-current shileld,

Open-Cirgult Secondary Veltage

It 1% shown in Section 2.2 that the e.m,f, induced in the
secondary winding is that required to drive the secondary current through
the total impedance of the secondary cireudt, and that the core flux
inducing this e,m.f, iz provided by a small difference between the ptimary
and secondary AT, With the secondary clrcuit apen, however, there are no
secondary AT to oppose those due to the primary current and the whole
of the primary AT act on the core as an excessive exclting force, which
might drive the eore into saturation on each nhalf-wave af current.
Typical flux and induced e.m, f, wave shapes for this condition &re showm
in flgure 11 and it will be seen thac the high rate of change af the
fluxT in the region of the primary current zers induces an CHL T
of high peak value in che secondary winding,

AT - leioa*e furns



Wich rated gurrent in the primary winding this peak value may be as
low &5 & few hundred volits in a small measuring c.i. with a 5A secendary
winding, but it might teach many kilo=volts in the case of, say a
2000/14 protective c.t. with a large core section. With system fault
eurrents flowing through the primary winding evenm higher wolrtages
would be induced. &uch voltages not only constitute a hazard to the
insulation of the c¢.t., itself and to connected instruments, relays and
assoclated wiring, but also to life. It ia thus important to prevent
this condition arising and if the secondary ecircuit has to be broken
for any reason, it is essantial first to short-circuit the secondary
terminals of the c.t. with a4 conductor securely connected and capable
of carrying the c.t. secondary current.

a7 Secondary Currents, Burdens and Connecting Lead Hesistance

A standard rated secondary current of 5A has been in use
for many years. In applications for which the resistance of the leads
between the c.t. and the instrumenta or relays results in an excesalve
VA burden, rated secondary curreénts of 2A or éven lA have to be used.
For example, if a c.t. is required to supply relays taking LOVA through
& loop lead resistance of 0,15 the total burden at 5A is 10 + 52 x 0.1
= 12,%A, and 4 e.t. with a standard eutput rating of L5VA would ba
sarlsfactory, If, however,, the lead resistance, due to the distance
between the e¢,t, and relays, is 2% the cutput required at 5A would bae
10 + 52 x 2 = 60VA which would require an excessaivaly large and
expensive transformer. Dy using LA rated secondary current the output
required weuld be reducad to 10 4+ 12 % 2 = 12VA which eould he provided
by a c.t, of reasonable dimenaions and coat.

Theae lower vated secondary eurraents, however, should not
be uded indiscriminacely because they reguire an increased number of
secondary turns with some increase in dimensions and cost. Further,
their use, particularly with c.t. & of high rated primary currentsa
resules in increased transfent and secondary open circuit woltages,
Fortunately, at the higher primary currents, say {n cxcess of 10004,
comparatively high VA ocutputs are readily obtained, even with single-
turn primary e.t, s and an intermediate value of rated secondary
current such as 2A may be used,

Auxiliary c.t.'s are sometimes used to reduce the current
in high resistance leads hut the suxilisary c.t. itself impases an
additional Bburden of several VA on the main c.t, and tends to
offset the reduction in burden caused by the reduced current in the
leads,

qz CONSTRUCTTON OF CURRENT TRANSFORMERS

3.1 Basic Types

Current transformers can be divided into two major types,
the single-turn (bar) primary and the multi-turn wound primary.
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1n the former the primary conductor may form part of the
C.T. assembly, in which case it must be suitably insulated te withstand
the system voltage to Eﬂrtf where it passes through the C,.T. core and
secondary windings.

The majorlcy of single-turn primary C.T. 5 make use of an
insulated conductor provided as part of ather equipment such as
bushings of switchgear or power transformers, and the C,T. 1z merely
a ring core with a toroidally wound secondary winding.

Wound primary C.T. # may have the primary and secondary
windings arranged concentrically, the secondary winding invariably
being the inner winding since it is advantageous to keep the
resistance of this winding as low as possible, or, in designs intended
primarily for operating inmstruments, meters and simple overcurrent
relays, the primary and secondary windings may be disposed on different
limbs of the core. Such an arrangement results in minimem welghts of
windings, while the flux leakage effect resulting from this loose
coupling reduces the phase error and limits the secondary current
produced by high primary svercurrents.

Tha majority of wound primary C.T, & have a twon limbed core;
hoth the primary and secondary windings sre located on the same limb,
the sscondary being wound adjacent to the core.

The laminated core of & ving type C.T. is made of a4 alngle
atrip of ferro-magnetlic material wound te form a cylinder. The .
secondary Lis wound toroldally about the core and the single conductor
comprisimg the primary passes through the centre of the torold
{figure 12).

Wound primary C.7. & are commonly used when a single C,T,
is requited whare the primary currvent does not éwceed about 500 amps,

Hing type C.T. 5 are commenly used because ol the convenience
in fitting them over bushar connections, cables or bushinmgs,

The development of low oil comtent and air blast circult
breakers, which have ne bushings over which C.T. s can be mounted,
has greatly increased the use of separate single phase post-type C.T.
aggemblies,

1.2 Oil-Filled Qutdoor Single Phase C,T. &

The H.V. winding consists of a hair-pin shaped conduetor,
usually insulated with oil impregnated crepe paper with metal foils
interposed at suitable intervals, The outermast fail is normally
connected to earth via an insulated terminal and lirk for periodic
tescing of the major Insulseloen.

Suitably mounted in the U-shaped section of the H.V. conductor
are the C.T, secondary windings and cores.

T
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The cores amd :-'srr_l.‘lrz-:]ﬂ.r)r win:|ings are housed in a shest=
steel tank which also forms the base of the G.T. The H.V. "hair—pin'
passes through the ring type secondaries in the metal huusing and the
legs of the "hair-pin" are encased in a poreelain pillar fixed to the
- base tank., The pillar is suitably shedded for outdoor use.

On top of the porcelaln pillar is fitted 4 metal cap. One
H.¥. connection is brought out through the cap an an insulator, the
aother i3 usually not insulated from the cap.

Figura 11 shows typleal components of an oil-fllled sutdoor
C.Ta and figure 14 shows a sectiomal arrangement of an English
Electric Type FMK Oi{Ll-Fllled Outdoor C.T.

The purpose of ofl filling is not primerily to dissipate
heat az the thermsl rating of a C.T., [s law. Hather it is te prevent
the ingress of moisture and subsequent lowering of the dielactrie
strength of primary insulation and the lowering of the dielectric
strength of the poreelain plllar through meisture adhering te lta
inner surface. For these reasons the oll used in C.T, s sometimes
has a higher viscosity than normal insulating oil,

b CLASSIFICATION OF €,T, & f,qs 1675198l

The characteristics of C.T. » are laid down in g
Current Transforpera (formerly covered hy AS C45-1950, Instrument
Transformars), AS cIFR~ 1903

|

Current trantformers manufaccured to the superseded standard
AS C4%=1950 will be in service for many years, Therefore at the end
of mach asction, If necessary, an explanation will he given of this
previous mathod of classificatlion.

bl Terminal Marking

Current tramsformers with one primavy winding and cne
secondary winding without” tappings shall have che primary terminals
marked Pl and P2 and the secondary rterminals marked 51 and 82,
(Figure 15), Where tappings are provided the primary terminals
shall be marked F1, PZ, Pd --- Pn, in ascending order of the number
of turns end similarly the secondary terminals shell he marked
81, 82, 83 ==~ 5n.  (Figure l&(a) apd (B)},

The markings Pl and 51 shall indicate the common termimals
in the respective windings.

AS C45 The primary terminals were merked M and L or

or Tl and T2, then the secondary terminals

were marked @ and @ ar @ and @

respectively. See Figure 17(a) and (b},

U
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b4.2 Protection Current Transformers

Protection C.T, s peed not in krnaral hawve a high degree of
accuracy at normal working currents, hut they must preserve their
accuracy up to usually about I0 times rated e¢urrent depanding upon
the Rated Accuracy Limlt Factor. 1In addition, for certain types of
pratection, the C.T.'s must be used in matched sets in whieh all the
transformers of 8 set have closely similar characteristics,

CuT. 5 for general protection purpeses are clasasified i{n the
form 10 P 150.F15, where "10" refers tg the percentage composite error
which under ateady state conditlons fa the r.m.s. value of the secondary
exciting current divided by the rated secondary current and the vated
accuracy limit factor, expressed as a percentage,

Tg ¥ 100
Composite Error 7. = E:H_;-_E
where T, = T.m.5. value of the secondary exeiting
current,
Is = rated secondary current
¥ = rated accuracy limit Ffacrar

The letter “P" indicactes that it is far pruTuctiun purposes,
Tha number "150" {s the Rated Secondary Hefsrence Vol tage,

l.e. tha r.m.s. value of the sacandary veltage in volts upen which

the performance of the C.T, {s basad,

"F15" 42 the Rated Accuracy Limli Factor, which the manufaeturasr
daclares will, when spplied to rated peimary current, give the maximum
primary current at whieh the C.T. will comply with the relevant
accurscy clavses,

AS €45 - 10 P 150

"10™ maximum deeclared ratio ervor as a percentage of
20 times rated secondary current with rated burden
connected. "F' protection purposes, "150" the
secondary terminal voltage at 20 times rated secondary
current with rated burden connecied,

4.3 Special Purpose Protection Current Transformars

Where a C.T, cannot be adequately described by the
classification 4.2, the letters PL or P5 shall he used.

Class "PL" are . C.T. 8 intended for use in
situstions demanding a more precise {ndicalion of performance, They
thall be designated by the arvangement of numerals and letters as
indicated In the example;

0.05 PL 950 R3.
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where 0,03 is the secondary exciting surrent in amperes at knee point
voltage,

PEL" indicates the elass. 930" is the knee point voltage in
voles, "R3" deslgnates Lhe secondary winding resistance of 3% ab 75°C
or At maximum service temperature whichever is the greater.

Class “"P8" C.T. s in some specific Tespects go beyond the
specification and are not fully included in the classes F or PL and
the requirements of shall apply only as agreed belween

rchaser and manufacturer.
purchase nu EB":[E"]E—-HEL&
b e C.T, Ratios

Tha vatic of a G.T. is expressed in terms of the primary and
secondary currents, e.g. a 600/5 C.T, with A00 emperes on the primary
winding, has 5 amperes in the secondary winding, (the overall current
ratlo of the C.T. L8 thus 120/1), The turns ratio of & C.T. ia the
reciprocal of the current Tatio (i.e, turns ratio = EHTT!#F11RTB Y.

In 33%kV and lower voltage stations where the area of the
station is small, the lead length from the C,T. te a ralay is fairly
shert, However, in 132kV and 330kV stationa, this length can be
many hundreds of yards; and, for a 5 amp C,T., the lead resistance
can become & sarious burdem on the C,T.
For wxample, the ratad burden for a &00/5 10 P 130 |C.T. 1s:

150 volts . !
5% 3 amps = 1.5 ohma

but for & &00/1, 10 P 150 C,T, the rated burden is

_150_ = 7.5 ohms
0 x 1

Thus the conductor slze necessary to keep the realatance of
the leads plus relay to 1,5 chms would be uneconomic for a long lead.

For this reason all H.¥. C.T. s row used in
substacions bave | amp secondories,

The secondaries of C.T. 3 For hotn metering and protection

purposes are generally provided with multiple ratlos (e.g. 500,250/125/1).

For protection purposes this is dane to meet changes in anticipated
load and fault conditions over a period of ctime. For metering purpeses
the multiple ratios are used so that it is necessary only to alter the
C.T. ratio and meter constants for changing load conditions.

4,5 Clagaificarion of Mult-Tapped C.T. =

Multi-tapped C.T, 5 are classiffed similarly to single
ratlo C.T. 5.

Wormal classsification for 1080/1 C.T. could be 2.5 P& 500.
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Far multi-tapped C.T. the c¢lagsifleation MUsT be
referred ta 2 particular winding.

Tor example:

sgoo/10004500/1 C.T. Is classified 5 P§ 500 or 1009/l
tapping. As the secondary induced yoltage vaTies with the number
af rurns we might suspect that the teeminal volrage classification |
on other taps may be different.

as the component 6 magnetising current would remain reasonably
gconstant {rrespective of the tapplng ysed, the percentage error would
change with a chamge of rapping.

Thus the ¢,T. could he reclassified:

10 5 250 on 500/1 tapping
5% P§ 1000 on 2000/1 rapping

- {NTERPOSING AND SUMMATION C.Ts 5

an interposing €.T. {g used in a clreuil (m.g. transformer =
differential) when & change fin Tatio is raquired to meat the i
requiremnents of the pur:i:ullr-:un&itian under consideration. The )
primary of the interposing C.% is connected in series with the

purden of the maln £,T. and cafe must be taken Lo ensure that the

racomended hurdan of the main C.T: in mot exceeded.

A surmation C€.T. when used for protaction purposes usually
has & tapped primary winding and 8 aingle gecondary winding. The
specific purpase of & summation C.T. (whan applied to a pilot wire
protection scheme) i8 to provide a aingle phase output prupn:tinnll
tp @ three phase inpuk.

fiy TESTING OF PROTECTION €,T. 5

Aol Hiiﬁl!iiltinﬂ'TﬂlE

A.5.5, a5 (1950) requires that transformers for general
pratection purposes ghall comply with the following test. & yoltage
glven by Vs = 10 Isg (Rg + Rs) ,,..........,.‘.............-.......{l a

where Igg = rated secondary curTent

Rg = hurden resistance (N.B. ineluding lead

resistance)

Rs ° resistance of secondary winding

snall be applied to the secondary winding with the primary am o/c
and the exciting curTent {1lgs) thus injected into the secondary
chall be measured. This current shall not exceed the value of the
current given by:

E
125 = TE]—D' xlﬂ ISR .-l-lllll+llrllrl-l-lli--l-lll"l.ll(z}

where t = declared maximum ratio eTTor, 45 indicated by the class
designation (e.&. 10 in the case of & 10 BS CT).
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Example 1
The perfarmance of a 50071 10P 15C C.T. is to he tested.

The first step which must be takem is Lo measure R5.
Suppose Rg = l.%0.

Rp can be determined from the last figure of the class
designatlon.

o gl _ 150
B % 1SR 70 = 1

LT
The voltage to be used for the O/ test is then given by:
?5 = 20 ISR {HB + Hs} pisaseTdEE RSB ERTRERAERT kA (1}

- 20x1 (7.%+1.8)
= 10 % 9.1
= 182 valts

When this voltage is applied ta the secondary the maximum
acceptable value of 1, i8:

rﬂl- ﬁ x 20 ISR e T R N R R R {:j
10
- T00 % 20 x 1 |
= 2 amps

It will be found that formula (1) above 18 of more use if
re-arTangad:

vs L 20 15“ {RB + RE} R R L N R IR R B (l}

= 01

&R 8

Mow 20 Igp Ry 48 the voltage drop across the entire secondary
(5} circuit external to the C.T. when the secondary dellvers I0 times Igp.

Hence 20 Ig, R = £.T. terminal voltage corresponding to
Ig = 20 x Lgn.

. M0 Tep Ry = class voltape of C,T.

Let the class voltage be Vi

: vs = vc + 0 Igg HS e I R B R R (3>

Example I

Reworking the first part of Fxample 1 using formula {3)
gives:

Vg = Vg + 20 Tgg Rg

150 + 20 x 1 = 1.0

150 + 32

@
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Although as discussed earlier a single open circuit test
figure is sufflcient a: far as A.5.. C&45 {5 concerned to check that
the performance of a4 C.T. cuomplies with the standard. The usual

practice . 4 is to record Ig; versus Vg for a tange
of values sufficient to take the core inte saturation and enable

& saturation curve to he prepared. i -

It is useful to note when a saturatien curve is avallable
that 1f the peint corresponding to:

Ve = W + 201

s c sp ¥

a

L
and Igg = Too * 20 Igy

is plotted an the graph it will lie below the curve {f the C,T.
is within class and above the curve if the C.T, i3 not within class,

The saturation curve of an acceptable C.T. is shown in
figure 18.

If a C.T, on being tested is found to be better than class,
this implies that it Is possible for the C.T. to carry more than the
burden given on lts nameplate withaur exceeding the declared ratio
error. Alternatively, if rated burden (s connected the ratis error
will be less than the declared valus. It is & useful exercise to
determine For the first cass, what burden could be connected and for
the second case, what the actusl ratio error would be,

Example 3

Conslder the C.T. referred to in examples 1 and 2 and SUpposSE
the saturation curve obtained For this C.T. te be as in figure 14.

Flgure 18 shows that when lgg has the maximum value permissible
for a nominal 10 P 150 C.T., Vg = 200 volts,

Remarranging formula (3) gives:
vc, - '||'5 - 20 ISRRS r-r-nr--rut-.-;.n.-n.ruq--...;;||;.('ﬁ-:|

= o0 - 0 x 1 x l.6
= 200 - 32
= 168 volts

The permissible burden is given hy:

1"1:
e Ter
o ls8
Mxl
= 8,40

Compared with the rated burden af 7,35

(29
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The C,T. could therefare be loaded to 8.4 without exceeding
the ratio ertor of 10N,

This ean be expressed Iin another way = the C... could be
"Reclassed" as 1OPS14A,

Example 4

Again considering the same G.T., figure 18 shows that when
vg reaches the 182 vaolts relevant to its nominal class of 10P150,

les = 1A,
Re-arranging formula (2} givesa:

100 Igq T (5)

R = B e R e e

20 Igg
100 = |
0 x 1

= 5L

The C.T, could therefore drive the burden glven on ite
nameplate without exceeding 5% ratis error,

This can ba expressed In another way - cha C,T, can ba
| reclassas as 5P150,

E saim 3

Three 10PS250 5001 C.T. 5 are to have saturacion chacks
carrisd out on them.

Step 1 - Measure secondary [D.C. reslstance.
Step 2 - Caleulate test excitation current required - In this case:
10
1 test = Too * 24 ISH
= 2 amps

Seep 3 = Set up test gircuic as shown in figure and inject & range
of values of current up to ! amps and measure the required
volcage in each case, This enables us to draw a magnet-
isatlon curve Lf required,

Step 4 = To check classification first calculate from the test
flgures an actual terminal voltage at 20 x I.. and
compare this value with the class voltage given.

HOTE ¢ It {s posaible that earth connections may be made on
both sides of a C.T. post. This means that we have a
ghart cirguited primary winding sao for this test earch
must be removed.
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6.2 A.L. Hatia Check

Inject current through the primary circuit at a value as
near (o meximum as possihle with consideration to C.T. rvatio and
maximum test suppiy rating. .

€.g. & W00/5 C.T, 18 40/1 racie
Inject &0A into primary = secondary should
approsimate 1,04
a J00S1 €7,
Inject &0A into primary - secondary will
approximate .2A

a 40045 C.T. is 80/1 ratio
Inject &0 amps inte primary - secondary will
approximate 1.0A

With protection C.T. & the output will never be & true rvatlo.
With metering C.T. & the ratio will be & true ratlo,

6.3 D,C, Polariey Check (refer te flgure 19)

Equipment - Polarised D.C. meter, hattery toreh cell,
Only used where C.T. are compound pltched into switcehgear.

Bl A,C, Ro Check on 8 Thre

Using rvad and yellow phases connect primarvy polarities
ar non=palaricias tualﬁhlr.

Conneck the secondary poliaritiea and secondary non=
polarities together.

Place an ammetar in elreuit as shown in figure 20,
Inject into open ends of primary & curvent equal to im
value used in ratlo check, If polarities are correct and ratio

identlcal a ctrace will appear in the ammeter.

This test is repeated using Y and B and the B and R
phases together.

MOTE : MWormal terminalog for R-Y-B is A-B-C.
Thus the following tests are completed:
Aelt, -~ Well, Gk
The tests in figure 21 should be done by Iinjection inte
C.T, posts and readings taken on pénel C.T. link block with normal

relay burden conmected,

These A.C, polarity checks are supplementary to the D,C,
polarity checks and must be carried out on any cormissioning job,






