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Principles of Power System

22.1 Protection of Alternators

The generating units, especially thelarger ones, arerelatively few in number and higher inindividual
cost than most other equipments. Therefore, it is desirable and necessary to provide protection to
cover the wide range of faults which may occur in the modern generating plant.

Some of the important faults which may occur on an aternator are:

(i)
(iii)
(v)
(vii)
(i)

(i)

(iii)

failure of prime-mover (i) failureof field
overcurrent (iv) overspeed
overvoltage (vi) unbalanced loading

stator winding faults

Failure of prime-mover. When input to the prime-mover fails, the aternator runs as a
synchronous motor and draws some current from the supply system. This motoring condi-
tionsisknown as*“inverted running”.

(a) Incaseof turbo-alternator sets, failure of steam supply may cause inverted running. If
the steam supply is gradually restored, the alternator will pick up load without disturb-
ing the system. If the steam failureislikely to be prolonged, the machine can be safely
isolated by the control room attendant since thisconditionisrelatively harmless. There-
fore, automatic protection is not required.

(b) Incaseof hydro-generator sets, protection against inverted running is achieved by pro-
viding mechanical deviceson thewater-wheel. When the water flow dropsto an insuf-
ficient rate to maintain the electrical output, the alternator is disconnected from the
system. Therefore, in this case also electrical protection is not necessary.

(c) Diesel enginedriven alternators, when runninginverted, draw aconsiderable amount of
power from the supply system and it is a usual practice to provide protection against
motoring in order to avoid damage dueto possible mechanical seizure. Thisisachieved
by applying reverse power relaysto the alternatorswhich *isolate the latter during their
motoring action. Itisessential that the reverse power relays have time-delay in opera-
tionin order to prevent inadvertent tripping during system disturbances caused by faulty
synchronising and phase swinging.

Failureof field. The chancesof field failure of alternators are undoubtedly very rare. Even

if it does occur, no immediate damage will be caused by permitting the alternator to run

without a field for a short-period. It is sufficient to rely on the control room attendant to
disconnect the faulty alternator manually from the system bus-bars. Therefore, it isauni-
versal practice not to provide tautomatic protection against this contingency.

Overcurrent. It occurs mainly due to partial breakdown of winding insulation or due to
overload on the supply system. Overcurrent protection for alternatorsis considered unnec-
essary because of the following reasons :

(a) The modern tendency isto design alternators with very high values of internal imped-
ance so that they will stand acomplete short-circuit at their terminalsfor sufficient time
without serious overheating. On the occurrence of an overload, the alternators can be
disconnected manually.

(b) The disadvantage of using overload protection for alternatorsisthat such a protection
might disconnect the alternators from the power plant bus on account of some momen-
tary troubles outside the plant and, therefore, interfere with the continuity of electric
service.

During inverted running (or motoring), thereisareversal of power flow in the stator windings. Thiscauses

the operation of reverse power relay.

T Thisisthe case with attendant stations. However, in unattended stations, the use of a field-failure relay
may be justified.
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(iv) Overspeed. The chief cause of overspeed isthe sudden loss of al or the major part of load
on the alternator. Modern aternators are usualy provided with mechanical centrifugal
devices mounted on their driving shafts to trip the main valve of the prime-mover when a
dangerous overspeed occurs.

(v) Over-voltage. The field excitation system of modern alternatorsis so designed that over-
voltage conditions at normal running speeds cannot occur. However, overvoltage in an
alternator occurs when speed of the prime-mover increases due to sudden loss of the alterna-
tor load.

In case of steam-turbine driven alternators, the control governors are very sensitive to speed
variations. They exercise acontinuous check on overspeed and thus prevent the occurrence of over-
voltage on the generating unit. Therefore, over-voltage protection isnot provided on turbo-alternator
sets.

In case of hydro-generator, the control governorsare much less sensitive and an appreciabletime
may elapse before therisein speed dueto loss of load is checked. The over-voltage during thistime
may reach avalue which would over-stressthe stator windings and insul ation breakdown may occur.
It is, therefore, a usual practice to provide over-voltage protection on hydro-generator units. The
over-voltage relays are operated from a voltage supply derived from the generator terminals. The
relays are so arranged that when the generated voltage rises 20% above the normal value, they
operate to

(a) trip themain circuit breaker to disconnect the faulty alternator from the system
(b) disconnect the alternator field circuit

(vi) Unbalanced loading. Unbalanced loading means that there are different phase currentsin
the alternator. Unbalanced loading arises from faults to earth or faults between phases on
the circuit external to the alternator. The unbalanced currents, if allowed to persist, may
either severely burn the mechanical fixings of the rotor core or damage the field winding.

Fig. 22.1 shows the schematic arrangement for the protection of alternator against unbalanced
loading. The scheme comprisesthree line current transformers, one mounted in each phase, having
their secondaries connected in parallel. A relay isconnected in parallel across the transformer sec-

their algebraic sum is zero. cT
Therefore, the sum of the cur- B ,J’G‘I_.
. . e - - _ o ___
rents flowing in the secondar- Alternator
iesis also zero and no current
flowsthrough the operating coil
of the relay. However, if un-
balancing occurs, the currents
induced in the secondarieswill
be different and theresultant of
these currentswill flow through
therelay. The operation of the Fig. 22.1
relay will trip the circuit breaker to disconnect the alternator from the system.

(vii) Stator winding faults. These faults occur mainly due to the insulation failure of the stator
windings. The main types of stator winding faults, in order of importance are :

(a) fault between phase and ground

ondaries. Under normal oper- CT FTTTToTTo K

ating conditions, equal currents B — (1 | !

flow through the different cT | |

phases of the alternator and Y — ot —-TTTTT0 i e
|
! WJ i
; 1

-

To trip circuit
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(b) fault between phases
(c) inter-turn fault involving turns of the same phase winding
The stator winding faults are the most dangerous and are likely to cause considerable damage to

the expensive machinery. Therefore, automatic protection isabsolutely necessary to clear such faults
inthe quickest possibletimein order to minimisethe* extent of damage. For protection of alternators
against such faults, differential method of protection (also knows as Merz-Price system) is most
commonly employed due to its greater sensitivity and reliability. This system of protection is dis-
cussed in the following section.

22.2 Differential Protection of Alternators

Themost common system used for the protection of stator winding faultsemploys circulating-current
principle (Refer back to Art. 21.18). In this scheme of protection, currents at the two ends of the
protected section are compared. Under normal operating conditions, these currentsare equal but may
become unequal on the occurrence of afault in the protected section. The difference of the currents
under fault conditions is arranged to pass through the operating coil of the relay. The relay then
closesits contactsto isolate protected section from the system. Thisform of protection isal so known
as Merz-Price circulating current scheme.

Schematic arrangement. Fig. 22.2 shows the schematic arrangement of current differential
protection for a 3-phase alternator. Identical current transformer pairs CT, and CT, are placed on
either side of each phase of the stator windings. The secondaries of each set of current transformers
are connected in star ; the two neutral points and the corresponding terminals of the two star groups
being connected together by means of afour-core pilot cable. Thusthereisan independent path for
the currents circulating in each pair of current transformers and the corresponding pilot P.
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Fig. 22.2

To trip circuit
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*  |If the stator winding fault is not cleared quickly, it may lead to
(i) burning of stator coils
(if) burning and welding-up of stator laminations
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The relay coils are connected in star, the neutral point being connected to the current-trans-
former common neutral and the outer ends one to each of the other three pilots. In order that burden
on each current transformer is the same, the relays are connected across equipotential points of the
three pilot wires and these equipotential points would naturally be located at the middle of the pilot
wires. The relays are generally of electromagnetic type and are arranged for instantaneous action
since fault should be cleared as quickly as possible.

Operation. Referring to Fig. 22.2, it is clear that the relays are connected in shunt across each
circulating path. Therefore, the circuit of Fig. 22.2 can be s cT
shown inasimpler formin Fig. 22.3. Under normal oper- _ro’z)\1 ° r55\2_ R
ating conditions, the current at both ends of each winding [
will be equal and hence the currents in the secondaries of [ T =Y
two CTsconnected in any phasewill also beequal. There- oo o 0 — B
fore, thereisbalanced circulating current in the pilot wires é
R1

e

and no current flows through the operating coils (R, R, Relay

R, SR
and Ry) of therelays. When an earth-fault or phase-to-phase|  coils 2
fault occurs, this condition no longer holds good and the :
differential current flowing through the relay circuit oper- Fig. 22.3 J:-

atesthe relay to trip the circuit breaker.

(i) Suppose an earth fault occurs on phase R due to breakdown of itsinsulation to earth as
shown in Fig. 22.2. The current in the affected phase winding will flow through the
core and frame of the machineto earth, the circuit being completed through the neutral
earthing resistance. The currents in the secondaries of the two CTs in phase R will
become unequal and the difference of the two currents will flow through the corre-
sponding relay coil (i.e. R,), returning via the neutral pilot. Consequently, the relay
operates to trip the circuit breaker.

(if) Imagine that now a short-circuit fault occurs between the phases Y and B as shown in
Fig. 22.2. The short-circuit current circulates via the neutral end connection through
the two windings and through the fault as shown by the dotted arrows. The currentsin
the secondaries of two CTsin each affected phase will become unequal and the differ-
ential current will flow through the operating coils of the relays (i.e. R, and R;) con-
nected in these phases. Therelay then closesits contacts to trip the circuit breaker.

It may be noted that the relay circuit is so arranged that its energising causes (i) opening of the
breaker connecting the alternator to the bus-barsand (ii) opening of the*field circuit of the alternator.

Itisaprevailing practice to mount current transformers CT, inthe neutral connections (usually in
the alternator pit) and current transformers CT, in the switch-gear equipment. In some cases, the
alternator islocated at aconsiderable distance from the switchgear. Astherelaysarelocated closeto
thecircuit breaker, therefore, it isnot convenient to connect therelay coilsto the actual physical mid-
points of the pilots. Under these circumstances, balancing resistances are inserted in the shorter
lengths of the pilots so that the relay tapping points divide the whol e secondary impedance of two sets
of CTsinto equal portions. This arrangement is shown in Fig. 22.4. These resistances are usually
adjustable in order to obtain the exact balance.

Limitations. Thetwo circuitsfor alternator protection shown above have their own limitations.
It is a general practice to use neutral earthing resistance in order to limit the destructive effects of
earth-fault currents. In such asituation, it isimpossible to protect whole of the stator windings of a
star-connected aternator during earth-faults. When an earth-fault occurs near the neutral point, there

*  Although disconnection of faulty alternator prevents other aternators on the system feeding into the fault,
it is necessary to suppress the field of faulty alternator to stop the machine itself feeding into the fault.
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may beinsufficient voltage across the short-circuited portion to drive the necessary current round the
fault circuit to operate the relay. The magnitude of unprotected zone depends upon the value of
earthing resistance and relay setting.

Makers of protective gear speak of “protecting 80% of the winding” which means that faultsin
the 20% of the winding near the neutral point cannot causetrippingi.e. thisportion isunprotected. It
isausual practiceto protect only 85% of the winding because the chances of an earth fault occurring
near the neutral point are very rare due to the uniform insulation of the winding throughout.

22.3 Modified Differential Protection for Alternators

If the neutral point of a star-connected alternator is earthed through a high resistance, protection
schemes shown in Fig. 22.2 or 22.4 will not provide sufficient sensitivity for earth-faults. It is be-
causethe high earthing resistance will limit the earth-fault currentsto alow value, necessitating relays
with low current settings if adequate portion of the generator winding is to be protected. However,
too low arelay setting isundesirable for reliable stability on heavy through phase-faults. Inorder to
overcome this difficulty, a modified form of differential protection is used in which the setting of
earth faultsisreduced without impairing stability.

The modified arrangement is shown in Fig. 22.5. The modifications affect only the relay con-
nections and consist in connecting two relays for phase-fault protection and the third for earth-fault
protection only. Thetwo phase elements (PC and PA) and balancing resistance (BR) are connected in
star and the earth relay (ER) is connected between this star point and the fourth wire of circulating
current pilot-circuit.

Operation. Under normal operating conditions, currents at the two ends of each stator winding
will beequal. Therefore, thereisabalanced circulating current in the phase pilot wiresand no current
flows through the operating coils of the relays. Consequently, the relays remain inoperative.
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If an earth-fault occurs on any one phase, the out-of-balance secondary current in CTsin that
phasewill flow through the earth relay ERand viapilot S, or S, to the neutral of the current transform-
ers. Thiswill cause the operation of earth relay only. If afault occurs between two phases, the out-
of-balance current will circulate round the two transformer secondaries via any two of the coilsPA,
BR, PC (the pair being decided by the two phases that are faulty) without passing through the earth
relay ER. Therefore, only the phase-fault relays will operate.

22.4 Balanced Earth-fault Protection

In small-size alternators, the neutral ends of the three-phase windings are often connected internally
to asingle terminal. Therefore, it is not possible to use Merz-Price circulating current principle
described above because there are no facilitiesfor accommodating the necessary current transformers
inthe neutral connection of each phasewinding. Under these circumstances, it isconsidered sufficient
to provide protection against earth-faults only by the use of balanced earth-fault protection scheme.
This scheme provides no protection against phase-to-phase faults, unless and until they develop into
earth-faults, asmost of them will.

Schematic arrangement. Fig. 22.6 shows the schematic arrangement of a balanced earth-fault
protection for a3-phase aternator. It consistsof threeline current transformers, one mounted in each
phase, having their secondaries connected in parallel with that of asingle current transformer in the
conductor joining the star point of the alternator to earth. A relay is connected across the transform-
ers secondaries. The protection against earth faultsis limited to the region between the neutral and
theline current transformers.

Operation. Under normal operating conditions, the currents flowing in the alternator leads and
hence the currents flowing in secondaries of the line current transformers add to zero and no current
flows through therelay. Also under these conditions, the current in the neutral wireis zero and the
secondary of neutral current transformer supplies no current to the relay.

If an earth-fault develops at F, external to the protected zone, the sum of the currents at the
terminals of the alternator is exactly equal to the current in the neutral connection and hence no
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current flows through the relay. When an earth-fault occurs at F, or within the protected zone, these
currents are no longer equal and the differential current flows through the operating coil of therelay.
Therelay then closesits contacts to disconnect the aternator from the system.

22.5 Stator Inter-turn Protection

Merz-price circulating-current system protects against phase-to-ground and phase-to-phasefaults. It
does not protect against turn-to-turn fault on the same phase winding of the stator. It is because the

current that this type of fault R Y B

produces flows in alocal circuit

between the turns involved and ] 7 T T 4
does not create a difference & CT) Re e CT) it & O Re

between the currentsentering and
leaving thewinding at itstwo ends
where current transformers are
applied. However, it is usually
considered unnecessary to
provide protection for inter-turn
faults because they invariably
develop into earth-faults.

In singleturn generator (e.9. c.T.
large steam-turbine generators),
thereisno necessity of protection
against inter-turn faults. However,
inter-turn protection is provided 2]
for multi-turn generators such as 1
hydro-electric generators. These
generators have double-winding
armatures (i.e. each phase wind-

[0\

(3%

Fig. 22.7
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ingisdivided into two halves) owing to the very heavy currentswhich they haveto carry. Advantage
may be taken of this necessity to protect inter-turn faults on the same winding.
Fig. 22.7 shows the schematic arrangement of circulating-current and inter-turn |
protection of a 3-phase double wound generator. The relays R provide protec-
tion against phase-to-ground and phase-to-phase faults whereas relays R, pro-
vide protection against inter-turn faults. E

S2

Fig. 22.8 shows the duplicate stator windings S; and S, of one phase only S5
with aprovision against inter-turn faults. Two current transformersare connected
on thecirculating-current principle. Under normal conditions, the currentsinthe
stator windings S, and S, are equal and so will be the currentsin the secondaries
of the two CTs. The secondary current round the loop then is the same at all C-Tgﬁgc-T-
points and no current flows through the relay R,. If a short-circuit develops
between adjacent turns, say on S, the currents in the stator windings S, and S, ’
will no longer be equal. Therefore, unequal currents will be induced in the |
secondaries of CTs and the difference of these two currents flows through the Fig. 22.8
relay R,. Therelay then closesits contactsto clear the generator from the system.

Example 22.1. A star-connected, 3-phase, 10-MVA, 6-6 kV alternator has a per phase reac-
tance of 10%. It is protected by Merz-Price circulating-current principle which is set to operate for
fault currentsnot lessthan 175 A. Calculate the value of earthing resistance to be provided in order
to ensure that only 10% of the alternator winding remains unprotected.

Solution. Let r ohms be the earthing resistance required to leave R
10% of the winding unprotected (portion NA). Thewhole arrangement
is shown in the simplified diagram of Fig. 22.9.

6-6x10°
Voltage per phasg,V,,, = ——=—— =3810V
age per p ph NE
6
Full-load current, | = —20%10°___g754 B v
V3x6-6x10 Fig. 22.9
L et the reactance per phase be x ohms.
V3 x x x 875
10 = Y22 22000 g
0 6600 x 100
or X = 0436 Q

Reactance of 10% winding = 0-436 x 0-1 = 0-0436 Q
E.M.F.induced in 10% winding = V,,x0:1=3810x0-1=381V
Impedance offered to fault by 10% winding is

Z, = \J(0-0436)% + r?
Earth-fault current due to 10% winding
_31_ 38
Zi  J0-04367 + 12
When this fault current becomes 175 A, the relay will trip.

175 = —L___
(0-0436)" +r
2
or (004362 + 12 = (i’%‘))
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or (0-0436)% +
or r

4.715
2171 Q

Example 22.2. A star-connected, 3-phase, 10 MVA, 6-6 kV alternator is protected by Merz-
Price circulating-current principle using 1000/5 amperes current transformers. The star point of the
alternator isearthed through aresistance of 7-5 Q . If the minimum operating current for therelay is
05 A, calculate the percentage of each phase of the stator winding which is unprotected against
earth-faults when the machine is operating at normal voltage.

Solution. Let x % of the winding be unprotected.

Earthing resistance, r =75Q
Voltage per phase, Vg, = 66x10%+/3 =3810V
Minimum fault current which will operate the relay

1000

= "5 x 005 =100 A

E.M.F.induced inx%winding =V, x (x/100) = 3810 x (x/100) = 38-1 x volts
Earth fault current which x% winding will cause

_ 380x _381x amperes
oo 705 P
This current must be equal to 100 A.
_38[x
O 100 = —m
or Unprotected winding, X = % = 19-69%

Hence 19-69% of alternator winding is|eft unprotected.

Example22.3. A 10 MVA, 6-6 kV, 3-phase star-connected alter nator is protected by Merz-Price
circulating current system. If the ratio of the current transformersis 1000/5, the minimum operating
current for the relay is 0-75 A and the neutral point earthing resistanceis 6 Q, calculate :

(i) the percentage of each of the stator windings which is unprotected against earth faults
when the machine is operating at normal voltage.

(if) the minimum resistance to provide protection for 90% of the stator winding.
Solution. Fig. 22.10 shows the circuit diagram.

Current Alternator Current
transformers transformers

600 / 005005 \ 000 0\0- R
000 — \ 003005 / J 000 o \0 Y

e T AV I

Pl _ Main
r=6Q g 4 —¢ Switch
Pilot Relay
= wires coils

Fig. 22.10
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(i) Letx% of thewinding be unprotected.
Earthing resistance, r =6Q
Voltage per phase, V= 6:6x10°/ V3 = 3810 volts
Minimum fault current which will operate the relay
= &500 x 075 = 150 A
E.M.F. induced in x% of stator winding
=V, X (x/100) = 3810 x (x/100) = 38-1 x volts
Earth fault current which x% winding will cause
38x _ 381x

== g amperes
Thismust be equal to 150 A.
0 150 = 382"
or X = 23:6%

(if) Let r ohms be the minimum earthing resistance required to provide protection for 90% of
stator winding. Then 10% winding would be unprotected i.e. x = 10%.
381 x
r
38 x _ 38 %10
150 150
Example 22.4. A star-connected, 3-phase, 10 MVA, 6:6 kV alternator is protected by circul at-
ing current protection, the star point being earthed via aresistancer. Estimate the value of earthing
resistor if 85% of the stator winding is protected against earth faults. Assume an earth fault setting
of 20%. Neglect the impedance of the alternator winding.

Solution. Since 85% winding isto be protected, 15% would be unprotected. Let r ohms be the
earthing resistance required to leave 15% of the winding unprotected.

()
Full-load current = LOS =876 A
J3x606x10
Minimum fault current which will operate the relay

= 20% of full-load current

O 150

=254Q

or r=

- 20 _

= 100 X876 =175 A
Voltage induced in 15% of winding

_ 15 _ 66Bx10° _

= 200 x B 330+/3 volts
Earth fault current which 15% winding will cause

_ 33043

r

This current must be equal to 175 A.
0 175 = %
or r = M =3270

175
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TUTORIAL PROBLEMS

1. A 10 MVA, 11 kV, 3-phase star-connected alternator is protected by the Merz-Price balance-current
system, which operates when the out-of-balance current exceeds 20% of full-load current. Determine
what portion of the alternating winding is unprotected if the star point is earthed through a resi stance of
9 Q. Thereactance of the alternator is2 Q. [14-88%]

2. Theneutra point of 25 MVA, 11 kV aternator is grounded through aresistance of 5 Q, therelay is set
to operate when thereis an out of balance current of 2A. The CTsused have aratio of 1000/5. Calculate
(neglect reactance of aternator) :

(i) the percentage of stator winding protected against an earth fault
(ii) the minimum value of earthing resistance to protect 95% of thewinding [(i) 68-5% (ii) 0-8 Q]

3. A 3-phase, 20 MVA, 11kV star connected alternator is protected by Merz-Price circulating current
system. The star point is earthed through aresistance of 5 ohms. If the CTs have aratio of 1000/5 and
therelay is set to operate when there is an out of balance current of 1.5 A, calculate :

(i) the percentage of each phase of the stator winding which is unprotected
(ii)  the minimum value of earthing resistance to protect 90% of the winding [(i) 23:6% (ii) 2-12 Q]

22.6 Protection of Transformers

Transformers are static devices, totally enclosed and generally oil immersed. Therefore, chances of
faults occurring on them are very rare. However, the consequences of even arare fault may be very
serious unlessthe transformer is quickly disconnected from the system. This necessitatesto provide
adequate automatic protection for transformers against possible faults.

Small distribution transformers are usually connected to the supply system through series fuses
instead of circuit breskers. Consequently, no automatic protectiverelay equipment isrequired. How-
ever, the probability of faults on power transformers is undoubtedly more and hence automatic pro-
tection is absolutely necessary.

Common transformer faults. As compared with generators, in which many abnormal condi-
tions may arise, power transformers may suffer only from:

(i) opencircuits

(if) overheating

(iif) winding short-circuits e.g. earth-faults, phase-to-phase faults and inter-turn faults.

An open circuit in one phase of a 3-phase transformer may cause undesirable heating. In prac-
tice, relay protection is not provided against open circuits because this condition is relatively harm-
less. On the occurrence of such a fault, the transformer can be disconnected manualy from the
system.

Overheating of the transformer is usually caused by sustained overloads or short-circuits and
very occasionally by the failure of the cooling system. The relay protection is also not provided
against this contingency and thermal accessories are generally used to sound an alarm or control the
banks of fans.

Winding short-circuits (also called internal faults) on the transformer arise from deterioration of
winding insulation dueto overheating or mechanical injury. When aninternal fault occurs, thetrans-
former must be disconnected quickly from the system because aprolonged arc in the transformer may
cause ail fire. Therefore, relay protection is absolutely necessary for internal faults.

22.7 Protection Systems for Transformers

For protection of generators, Merz-Price circul ating-current systemis unguestionably the most satis-
factory. Though thisislargely true of transformer protection, there are cases where circulating cur-
rent system offers no particular advantage over other systems or impracticable on account of the
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troublesome conditions imposed by the wide variety of voltages, currents and earthing conditions
invariably associated with power transformers. Under such circumstances, aternative protective
systemsare used which in many cases are as effective asthe circul ating-current system. The principal
relays and systems used for transformer protection are :

(i) Buchholz devices providing protection against all kindsof incipient faultsi.e. slow-develop-
ing faults such asinsulation failure of windings, core heating, fall of oil level due to leaky
joints etc.

(if) Earth-fault relays providing protection against earth-faults only.
(iif) Overcurrent relays providing protection mainly against phase-to-phase faultsand overloading.

(iv) Differential system (or circulating-current system) providing protection against both earth
and phase faults.

The complete protection of transformer usually requiresthe combination of these systems. Choice
of aparticular combination of systems may depend upon severa factors such as (a) size of thetrans-
former (b) type of cooling (c) location of transformer in the network (d) nature of load supplied and
(e) importance of servicefor whichtransformerisrequired. Inthefollowing sections, above systems
of protection will be discussed in detail.

22.8 Buchholz Relay

Buchholz relay is a gas-actuated relay installed in oil im-
mersed transformersfor protection against all kinds of faults.
Named after itsinventor, Buchholz, itisusedto givean darm
in case of incipient (i.e.

Conservator g ow-devel oping) faultsin

thetransformer and to dis-
connect the transformer
from the supply in the
event of severe internal
faults. It is usualy in-
stalled in the pipe con-

necting the conservator to !
themain tank asshownin
Fig. 22.11. Itisauniver-

Transformer sal practice to use

LIRS Buchholz relays on all
such oil immersed trans-
Fig. 22.11 formers having ratingsin Buchholz Relay
*excess of 750 kVA.

Congtruction. Fig. 22.12 showsthe constructional details of aBuchholzrelay. It takestheform
of a domed vessel placed in the connecting pipe between the main tank and the conservator. The
device has two elements. The upper element consists of a mercury type switch attached to afloat.
Thelower element containsamercury switch mounted on ahinged typeflap located in the direct path
of the flow of oil from the transformer to the conservator. The upper element closes an alarm circuit
during incipient faults whereas the lower element is arranged to trip the circuit breaker in case of
severeinternal faults.

Operation. The operation of Buchholz relay is asfollows:

(i) Incaseof incipient faults within the transformer, the heat due to fault causes the decompo-

sition of some transformer ail in the main tank. The products of decomposition contain
morethan 70% of hydrogen gas. The hydrogen gasbeing light triesto go into the conserva-

*  Itsusefor oil immersed transformers of rating less than 750 kVA is generally uneconomical.
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tor and in the process gets entrapped in the upper part of relay chamber. When a pre-
determined amount of gas gets accumulated, it exerts sufficient pressure on the float to
cause it to tilt and close the contacts of mercury switch attached to it. This completes the
alarm circuit to sound an *alarm.

(i) If aseriousfault occursin the transformer, an enormous amount of gas is generated in the
main tank. The oil in the main tank rushes towards the conservator via the Buchholz relay
and indoing sotiltsthe flap to close the contacts of mercury switch. Thiscompletesthetrip
circuit to open the circuit breaker controlling the transformer.

Advantages

(i) Itisthesimplest form of transformer protection.

(i) It detects the incipient faults at a stage much earlier than is possible with other forms of
protection.

Disadvantages
(i) It canonly beused with oil immersed transformers equipped with conservator tanks.

(if) The device can detect only faults below oil level in the transformer. Therefore, separate

protection is needed for connecting cables.

The conditions described do not call for the immediate removal of the faulty transformer. It is because
sometimesthe air bubblesin the oil circulation system of a healthy transformer may operate the float. For
this reason, float is arranged to sound an alarm upon which steps can be taken to verify the gas and its
composition.
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22.9 Earth-Fault or Leakage Protection

An earth-fault usually involves a partial breakdown of winding insulation to earth. The resulting
leakage current is considerably lessthan the short-circuit current. The earth-fault may continuefor a
long time and cause considerable damage beforeit ultimately devel opsinto ashort-circuit and removed
from the system. Under these circumstances, it is profitable to employ earth-fault relaysin order to
ensure the disconnection of earth-fault or leak inthe early stage. Anearth-fault relay isessentially an
overcurrent relay of low setting and operates as soon as an earth-fault or leak develops. One method
of protection against earth-faults in atransformer is the * core-balance |eakage protection shown in
Fig. 22.13.

Current

Primary transformer
Secondary /—&
R R

1

Power
transformer

Secondary
winding

I
ol T
-—- To trip circuit

The three leads of the primary winding of power trans-
former are taken through the core of a current transformer
which carriesasingle secondary winding. The operating coil
of arelay is connected to this secondary. Under normal con-
ditions(i.e. nofault to earth), the vector sum of thethree phase
currents is zero and there is no resultant flux in the core of
current transformer no matter how much the load is out of
balance. Conseguently, no current flows through the relay
and it remainsinoperative. However, on the occurrence of an
earth-fault, the vector sum of three phase currentsisno longer
zero. Theresultant current setsup flux in the core of the C.T.
whichinducese.m.f. inthe secondary winding. Thisenergises
the relay to trip the circuit breaker and disconnect the faulty
transformer from the system. Earth Leakage Relay

Fig. 22.13

22.10 Combined Leakage and Overload Protection

The core-balance protection described above suffers from the drawback that it cannot provide pro-
tection against overloads. If afault or leakage occurs between phases, the core-balance relay will not
operate. Itisausua practiceto provide combined leakage and overload protection for transformers.
The earth relay haslow current setting and operates under earth or leakage faults only. The overload
relays have high current setting and are arranged to operate against faults between the phases.

*  An earth-fault relay is aso described as a core-balance relay. Strictly the term ‘ core-balance’ is reserved
for the casein which the relay is energised by a 3-phase current transformer and the balance is between the
fluxes in the core of the current transformer.
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Fig. 22.14 shows the schematic ar- Primary
rangement of combined leakage and over- R Secondary CTS
load protection. Inthissystem of protec- 'ﬂl - — 1V R
tion, two overload relays and one leak- y T v
ageor earth relay are connected as shown. 5 @ q
Thetwo overload relays are sufficient to WY B
protect against phase-to-phasefaults. The
trip contacts of overload relaysand earth-
fault relay are connected in parallel. §
Therefore, with the energising of either Ovr‘;[;"y""d - _OVerL‘Lad
overload relay or earth relay, the circuit | _.“
breaker will be tripped. e —E—’Ié |
22.11 Applying Circulating- fo o dlo =
current System to Transformers ,. To trip circuit
Merz-Price circulating -current principle Fig. 22.14

is commonly used for the protection of

power transformers against earth and phase faults. The system as applied to transformersis funda-
mentally the same asthat for generators but with certain complicating features not encountered in the
generator application. The complicating features and their remedial measures are briefed below :

(i) Inapower transformer, currentsin the primary and secondary areto be compared. Asthese
two currents are usualy different, therefore, the use of identical transformers (of sameturn
ratio) will give differential current and operate the relay even under no load conditions.

Thedifferencein the magnitude of currentsin the primary and secondary of power transformer is
compensated by different turn ratios of CTs. If T isthe turn-ratio of power transformer, then turn-
ratio of CTson thel.v. sideismade T timesthat of the CTsontheh.v. side. Fulfilled this condition,
the secondaries of the two CTs will carry identical currents under normal load conditions. Conse-
quently, no differential current will flow through the relay and it remainsinoperative.

(if) Thereisusually aphase difference between the primary and secondary currents of a3-phase
power transformer. Even if CTsof the proper turn-ratio are used, adifferential current may
flow through the relay under normal conditions and cause relay operation.

The correction for phase difference is effected by appropriate connections of CTs. The CTson
one side of the power transformer are connected in such away that the resultant currents fed into the
pilot wires are displaced in phase from theindividual phase currentsin the same direction as, and by
an angle equa to, the phase shift between the power-transformers primary and secondary currents.
Thetable below showsthetype of connectionsto be employed for CTsin order to compensatefor the
phase difference in the primary and secondary currents of power transformer.

Power transformer connections Current transformer connections
S. No. | Primary Secondary Primary Secondary
1 Star with Delta Delta Star
neutral earthed
2 Delta Delta Star Star
3 Star Star with Delta Delta
neutral earthed
4 Delta Star with Star Delta
neutral earthed
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Thus referring to the above table, for a delta/star power transformer, the CTs on the delta side
must be connected in star and those on the star side in delta.
(iif) Most transformers have meansfor tap changing which makes this problem even more diffi-
cult. Tap changing will cause differential current to flow through the relay even under
normal operating conditions.

The above difficulty is overcome by adjusting the turn-ratio of CTs on the side of the power
transformer provided with taps.

(iv) Another complicating factor in transformer protection is the magnetising in-rush current.
Under normal load conditions, the magnetising current is very small. However, when a
transformer is energised after it has been taken out of service, the magnetising or in-rush
current can be extremely high for a short period. Since magnetising current represents a
current going into the transformer without a corresponding current leaving, it appears as a
fault current to differential relay and may cause relay operation.

In order to overcome above difficulty, differential relays are set to operate at a relatively high
degree of unbalance. This method decreases the sensitivity of the relays. In practice, advantage is
taken of the fact that the initial in-rush currents contain prominent second-harmonic component.
Hence, it is possible to design a scheme employing second-harmonic bias features, which, being
tuned to second-harmonic frequency only, exerciserestrain during energising to prevent mal operation.

While applying circulating current principle for protection of transformers, above precautions
are necessary in order to avoid inadvertent relay operation.

22.12 Circulating-Current Scheme for Transformer Protection
Fig. 22.15 showsMerz-Price CTs J. CTs

circulating-current scheme g ) R
for the protection of a 3- ﬂ
TITI

phase delta/delta power Y ‘.J"‘s\l_ * ° - Y
transformer against phase-to-

ground and phase-to-phase B — % O~ TTITL: o oS Ll B
faults. Notethat CTson the ' Secondary _”mary
two sides of the transformer Pilots

are connected in star. This -
compensates for the phase
Relay coils

difference between the
power transformer primary
and secondary. The CTson
the two sides are connected
by pilot wires and one relay -
isused for each pair of CTs. Fig. 22.15

During normal operat-
ing conditions, the secondaries of CTs carry identical currents. Therefore, the currents entering and
leaving the pilot wires at both ends are the same and no current flowsthrough therelays. 1f aground
or phase-to-phase fault occurs, the currentsin the secondaries of CTswill no longer be the same and
the differential current flowing through the relay circuit will clear the breaker on both sides of the
transformer. The-protected zoneislimited to the region between CTson the high-voltage side and the
CTson thelow-voltage side of the power transformer.

It isworthwhileto notethat this scheme al so provides protection for short-circuits between turns
on the same phase winding. When a short-circuit occurs between the turns, the turn-ratio of the
power transformer isaltered and causes unbal ance between current transformer pairs. If turn-ratio of
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power transformer is atered sufficiently, enough differential current may flow through the relay to
cause its operation. However, such short-circuits are better taken care of by Buchholz relays.

Example 22.5. A 3-phase transformer of 220/11,000 line volts is connected in star/delta. The
protective transformerson 220 V side have a current ratio of 600/5. What should be the CT ratio on
11,000 V side ?

Solution. For star/delta power transformers, CTswill be connected in deltaon 220 V side (i.e.
star side of power transformer) and in star on 11,000 V side (i.e. delta side of power transformer) as
showninFig. 22.16.

Suppose that line current on 220 V sideis 600 A.

O Phase current of delta connected CTson 220V side

= 5A
Line current of deltaconnected CTson 220V side
= 5x+/3 = 5/3 A

This current (i.e. 5J3) will flow through the pilot wires. Obviously, this will be the current
which flows through the secondary of CTson the 11,000 V side.

CTs in Delta WA
Primary <= | Secondary CTsin Star
g _..y " QX — B — R
Y -U’? TIT——9 QL _,"6}_0 Y
"L 220/11000 V L ¢
0
L3
Py 5\/—3-L
Relay coils
|||||

Fig. 22.16

0 Phase current of star connected CTson 11,000V side= 5/3 A
If I istheline current on 11,000 V side, then,
Primary apparent power = Secondary apparent power

or V3 x220x 600 = /3 x 11,000 x |
or | = M:]_ZA
V3 x 11000

O Turn-ratioof CTson 11000V side

= 12:5/3=1385:1
Example22.6. A 3-phase transformer having line-voltage ratio of 0-4 kV/11kV is connected in
star-delta and protective transformers on the 400 V side have a current ratio of 500/5. What must be
the ratio of the protective transformers on the 11 kV side ?
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Solution. Fig. 22.17 shows the circuit connections. For star/delta transformers, CTs will be
connectedin deltaon 400V side (i.e. star side of power transformer) and in star on 11,000 V side (i.e.
deltaside of power transformer).

500 A I CT2

CT1
m -
o — T > _an_ ©
o e 0.4kV S ¢
/ 11 kV
m m

U o——=°
4 = ’_‘

Fig. 22.17

[

A

Suppose the line current on 400 V sideis 500 A.
00 Phase current of deltaconnected CTson 400 V side

= 5A
Line current of deltaconnected CTson 400V side
= 5x+/3=5/3A

This current (i.e. 5,/3 A) will flow through the pilot wires. Obviously, thiswill be the current
which flows through the secondary of the CTson 11000 V side.
O Phase current of star-connected CTson 11000 V side

= 5/3A
If | istheline current on 11000 V side, then,
Primary apparent power = Secondary apparent power

or J3 x400x500 = /3 % 11000 x |

_ J3x400%x500 _ 200
or | = ——_ — =" ==
V3 x 11000 11
00 C.T.ratioof CTson 11000V side
_ 200. _ 200 _ 1005
B 11'5‘/§ 11x 53 5

=105:5

TUTORIAL PROBLEMS

1. A 3-phase, 33/6:6 kV, star/delta connected transformer is protected by Merz-Price circulating current
system. If the CTs on the low-voltage side have aratio of 300/5, determine the ratio of CTs on the high
voltage side. [60: 53]

2. A 3-phase, 200 kVA, 11/0-4 kV transformer is connected as delta/star. The protective transformers on
the 0-4 kV side have turn ratio of 500/5. What will be the C.T. ratios on the high voltage side ?

[18:18 : 8:66]




540 Principles of Power System

SELF - TEST

1. Fill in the blanks by inserting appropriate words/figures.
(i) The most commonly used system for the protection of generator is.............
(if) Automatic protection is generally ............ provided for field failure of an alternator.
(ilf) Thechief cause of overspeed in an alternator isthe.............
(iv) Earthrelayshave............ current settings.
(v) Buchholz relay isinstalled between ............ and conservator.
(vi) Buchholz relays can only be used with oil immersed transformers equipped with ............
(vii) For the protection of a delta/star power transformers, the CTs on delta side must be connected in
............ and those on the star sidein ............
(viii) Overload protection is generally not provided for ............

(ix) Buchholzrelayisa............ relay.
(x) Automatic protection is generally not provided for ............ transformer.
2. Pick up the correct words/figures from the bracket and fill in the blanks.
(i) Buchholz relay can detect faults............ oil level in the transformer. (below, above)
(i) Themost important stator winding fault of an alternator is............ fault.
(earth, phase-to-phase, inter-turn)
(iii) Balanced earth-fault protection is generally provided for ............ generators.
(small-size, large-size)
(iv) An earth-fault current is generaly ............ than short-circuit current. (less, greater)
(v) Merz-Price circulating current principle is more suitable for ............ than ............

(generators, transformers)

ANSWERS TO SELF-TEST

1. (i) circulating-current system (ii) not (iii) suddenlossof load (iv) lower (v) maintank (vi) conservator
(vii) star, delta (viii) alternators (ix) gas actuated (x) small distribution
2. (i) below (ii) earth (iii) small-size (iv) less (v) generators, transformers

CHAPTER REVIEW TOPICS

1. Discuss the important faults on an aternator.
Explain with aneat diagram the application of Merz-Price circulating current principle for the protection
of alternator.
Describe with a neat diagram the balanced earth protection for small-size generators.
How will you protect an alternator from turn-to-turn fault on the same phase winding ?
What factors cause difficulty in applying circulating current principle to a power transformer ?
Describe the construction and working of a Buchholz relay.
Describe the Merz-Price circulating current system for the protection of transformers.
Write short notes on the following :
(i) Earth-fault protection for alternator
(if) Combined leakage and overload protection for transformers
(iii) Earth-fault protection for transformers

DISCUSSION QUESTIONS

What is the difference between an earth relay and overcurrent relay ?

How does grounding affect relay application ?

Why is overload protection not necessary for alternators ?

Can relays be used to protect an alternator against (i) one-phase open circuits (ii) unbalanced loading
(iii) motoring (iv) loss of synchronism ?

5. How many faults develop in a power transformer ?
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