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The modern electric power system consists
of several elements e.g. alternators,
transformers, station bus-bars,

transmission lines and other equipment.  It is
desirable and necessary to protect each element
from a variety of fault conditions which may occur
sooner or later.  The protective relays discussed
in the previous chapter can be profitably
employed to detect the improper behaviour of any
circuit element and initiate corrective measures.
As a matter of convenience, this chapter deals
with the protection of alternators and transformers
only.

The most serious faults on alternators which
require immediate attention are the stator winding
faults.  The major faults on transformers occur
due to short-circuits in the transformers or their
connections.  The basic system used for protection
against these faults is the differential relay scheme
because the differential nature of measurements
makes this system much more sensitive than other
protective systems.
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22.122.122.122.122.1  Pr Pr Pr Pr Protection  of  Alterotection  of  Alterotection  of  Alterotection  of  Alterotection  of  Alternatorsnatorsnatorsnatorsnators

The generating units, especially the larger ones, are relatively few in number and higher in individual
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 alternator are :
(i) failure of prime-mover (ii) failure of field

(iii) overcurrent (iv) overspeed
(v) overvoltage (vi) unbalanced loading

(vii) stator winding faults

(i) Failure of prime-mover.  When input to the prime-mover fails, the alternator runs as a
synchronous motor and draws some current from the supply system.  This motoring condi-
tions is known as “inverted running”.
(a) In case of 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 failure is likely to be prolonged, the machine can be safely
isolated by the control room attendant since this condition is relatively harmless.  There-
fore, automatic protection is not required.

(b) In case of hydro-generator sets, protection against inverted running is achieved by pro-
viding mechanical devices on the water-wheel.  When the water flow drops to 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 engine driven alternators, when running inverted, draw a considerable amount of
power from the supply system and it is a usual practice to provide protection against
motoring in order to avoid damage due to possible mechanical seizure.  This is achieved
by applying reverse power relays to the alternators which *isolate the latter during their
motoring action.  It is essential that the reverse power relays have time-delay in opera-
tion in order to prevent inadvertent tripping during system disturbances caused by faulty
synchronising and phase swinging.

(ii) Failure of field.  The chances of 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 is a uni-
versal practice not to provide †automatic protection against this contingency.

(iii) Overcurrent.  It occurs mainly due to partial breakdown of winding insulation or due to
overload on the supply system.  Overcurrent protection for alternators is considered unnec-
essary because of the following reasons :
(a) The modern tendency is to design alternators with very high values of internal imped-

ance so that they will stand a complete short-circuit at their terminals for 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 alternators is that 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), there is a reversal of power flow in the stator windings.  This causes
the operation of reverse power relay.

† This is the 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 is the sudden loss of all or the major part of load
on the alternator.  Modern  alternators are usually 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 alternators is 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 a continuous check on overspeed and thus prevent the occurrence of over-
voltage on the generating unit.  Therefore, over-voltage protection is not provided on turbo-alternator
sets.

In case of hydro-generator, the control governors are much less sensitive and an appreciable time
may elapse before the rise in speed due to loss of load is checked.  The over-voltage during this time
may reach a value which would over-stress the stator windings and insulation 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 the main 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 currents in
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 comprises three line current transformers, one mounted in each phase, having
their secondaries connected in parallel.  A relay is connected in parallel across the transformer sec-
ondaries.  Under normal oper-
ating conditions, equal currents
flow through the different
phases of the alternator and
their algebraic sum is zero.
Therefore, the sum of the cur-
rents flowing in the secondar-
ies is also zero and no current
flows through the operating coil
of the relay.  However, if un-
balancing occurs, the currents
induced in the secondaries will
be different and the resultant  of
these currents will flow through
the relay.  The operation of the
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
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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 is absolutely necessary to clear such faults
in the quickest possible time in order to minimise the *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.

22.222.222.222.222.2  Dif Dif Dif Dif Differferferferferential  Prential  Prential  Prential  Prential  Protection  of  Alterotection  of  Alterotection  of  Alterotection  of  Alterotection  of  Alternatorsnatorsnatorsnatorsnators

The most common system used for the protection of stator winding faults employs 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 currents are equal but may
become unequal on the occurrence of a fault 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
closes its contacts to isolate protected section from the system.  This form of protection is also 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 CT1 and CT2 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 a four-core pilot cable.  Thus there is an independent path for
the currents circulating in each pair of current transformers and the corresponding pilot P.

* If the stator winding fault is not cleared quickly, it may lead to
(i) burning of stator coils

(ii) 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
shown in a simpler form in Fig. 22.3.  Under normal oper-
ating conditions, the current at both ends of each winding
will be equal and hence the currents in the secondaries of
two CTs connected in any phase will also be equal.  There-
fore, there is balanced circulating current in the pilot wires
and no current flows through the operating coils (R1, R2
and R3) of the relays.  When an earth-fault or phase-to-phase
fault occurs, this condition no longer holds good and the
differential current flowing through the relay circuit oper-
ates the relay to trip the circuit breaker.

(i) Suppose an earth fault occurs on phase R due to breakdown of its insulation to earth as
shown in Fig. 22.2.  The current in the affected phase winding will flow through the
core and frame of the machine to 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. R1), returning via the neutral pilot.  Consequently, the relay
operates to trip the circuit breaker.

(ii) 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 currents in
the secondaries of two  CTs in each affected phase will become unequal and the differ-
ential current will flow through the operating coils of the relays (i.e. R2 and R3) con-
nected in these phases.  The relay then closes its 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-bars and (ii) opening of the *field circuit of the alternator.

It is a prevailing practice to mount current transformers CT1 in the neutral connections (usually in
the alternator pit) and current transformers CT2 in the switch-gear equipment.  In some cases, the
alternator is located at a considerable distance from the switchgear.  As the relays are located close to
the circuit breaker, therefore, it is not convenient to connect the relay coils to 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 whole secondary impedance of two sets
of CTs into equal portions.  This arrangement is shown in Fig. 22.4.  These resistances are usually
adjustable in order to obtain the exact balance.

Limitations.  The two circuits for 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 a situation, it is impossible to protect whole of the stator windings of a
star-connected alternator during earth-faults.  When an earth-fault occurs near the neutral point, there

* Although disconnection of faulty alternator prevents other alternators 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 be insufficient 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 faults in
the 20% of the winding near the neutral point cannot cause tripping i.e. this portion is unprotected.  It
is a usual practice to 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.

22.322.322.322.322.3   Modified  Dif  Modified  Dif  Modified  Dif  Modified  Dif  Modified  Differferferferferential  Prential  Prential  Prential  Prential  Protection  for  Alterotection  for  Alterotection  for  Alterotection  for  Alterotection  for  Alternatorsnatorsnatorsnatorsnators

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-
cause the high earthing resistance will limit the earth-fault currents to a low value, necessitating relays
with low current settings if adequate portion of the generator winding is to be protected.  However,
too low a relay setting is undesirable for reliable stability on heavy through phase-faults.  In order to
overcome this difficulty, a modified form of differential protection is used in which the setting of
earth faults is reduced 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.  The two 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 be equal.  Therefore, there is a balanced circulating current in the phase pilot wires and 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 CTs in that
phase will flow through the earth relay ER and via pilot S1 or S2 to the neutral of the current transform-
ers.  This will cause the operation of earth relay only.  If a fault occurs between two phases, the out-
of-balance current will circulate round the two transformer secondaries via any two of the coils PA ,
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.

22.422.422.422.422.4 Balanced  Earth-fault  PrBalanced  Earth-fault  PrBalanced  Earth-fault  PrBalanced  Earth-fault  PrBalanced  Earth-fault  Protectionotectionotectionotectionotection

In small-size alternators, the neutral ends of the three-phase windings are often connected internally
to a single terminal.  Therefore, it is not possible to use Merz-Price circulating current principle
described above because there are no facilities for accommodating the necessary current transformers
in the neutral connection of each phase winding.  Under these circumstances, it is considered 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, as most of them will.

Schematic arrangement.  Fig. 22.6 shows the schematic arrangement of a balanced earth-fault
protection for a 3-phase alternator.  It consists of three line current transformers, one mounted in each
phase, having their secondaries connected in parallel with that of a single 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 faults is limited to the region between the neutral and
the line 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 the relay.  Also under these conditions, the current in the neutral wire is zero and the
secondary of neutral current transformer supplies no current to the relay.

If an earth-fault develops at F2 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 F1 or within the protected zone, these
currents are no longer equal and the differential current flows through the operating coil of the relay.
The relay then closes its contacts to disconnect the alternator from the system.

22.522.522.522.522.5  Stator  Inter Stator  Inter Stator  Inter Stator  Inter Stator  Inter-tur-tur-tur-tur-turn  Prn  Prn  Prn  Prn  Protectionotectionotectionotectionotection

Merz-price circulating-current system protects against phase-to-ground and phase-to-phase faults.  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
produces flows in a local circuit
between the turns involved and
does not create a difference
between the currents entering and
leaving the winding at its two 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 single turn generator (e.g.
large steam-turbine generators),
there is no necessity of protection
against inter-turn faults. However,
inter-turn protection is provided
for multi-turn generators such as
hydro-electric generators.  These
generators have double-winding
armatures (i.e. each phase wind-



Protection of Alternators and Transformers 529

ing is divided into two halves) owing to the very heavy currents which they have to 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 RC provide protec-
tion against phase-to-ground and phase-to-phase faults whereas relays R1 pro-
vide protection against inter-turn faults.

Fig. 22.8 shows the duplicate stator windings S1 and S2 of one phase only
with a provision against inter-turn faults.  Two current transformers are connected
on the circulating-current principle.  Under normal conditions, the currents in the
stator windings S1 and S2 are equal and so will be the currents in the secondaries
of the two CTs.  The secondary current round the loop then is the same at all
points and no current flows through the relay R1.  If a short-circuit develops
between adjacent turns, say on S1, the currents in the stator windings S1 and S2
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
relay R1.  The relay then closes its contacts to 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 currents not less than 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
10% of the winding unprotected (portion NA).  The whole arrangement
is shown in the simplified diagram of Fig. 22.9.

Voltage per phase, Vph =
6 6 10

3

3⋅ ×
 = 3810 V

Full-load current, I =
10 10

3 6 6 10

6

3
×

× ⋅ ×
 = 875 A

Let the reactance per phase be x ohms.

∴ 10 = 3 875
6600
× ×x  × 100

or x = 0·436 Ω
Reactance of 10% winding = 0·436 × 0·1 = 0·0436 Ω

E.M.F. induced in 10% winding = Vph × 0·1 = 3810 × 0·1 = 381 V
Impedance offered to fault by 10% winding is

Zf = 0 0436 2 2⋅ +a f r

Earth-fault current due to 10% winding

= 381 381

0 0436 2 2Z rf

=
⋅ +a f

When this fault current becomes 175 A, the relay will trip.

∴ 175 = 381

0 0436 2 2⋅ +a f r

or (0·0436)2 + r2 =
381
175

2FH IK
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or (0·0436)2 + r2 = 4·715
or r = 2·171 ΩΩΩΩΩ

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 is earthed through a resistance of 7·5 Ω . If the minimum operating current for the relay is
0·5 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 = 7·5 Ω

Voltage per phase, Vph = 6·6 × 103/ 3  = 3810 V

Minimum fault current which will operate the relay

=
1000

5
0 5× ⋅  = 100 A

E.M.F. induced in x% winding = V ph × (x/100) = 3810 × (x/100) = 38·1 x volts
Earth fault current which x% winding will cause

=
38 1 38 1

7 5
⋅ = ⋅

⋅
x

r
x

 amperes

This current must be equal to 100 A.

∴ 100 =
38 1

7 5
⋅
⋅

x

or Unprotected winding, x =
100 7 5

38 1
× ⋅
⋅  = 19·69%

Hence 19·69% of alternator winding is left unprotected.
Example 22.3.  A 10 MVA, 6·6 kV, 3-phase star-connected alternator is protected by Merz-Price

circulating current system. If the ratio of the current transformers is 1000/5, the minimum operating
current for the relay is 0·75 A and the neutral point earthing resistance is 6 Ω, calculate :

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

(ii) the minimum resistance to provide protection for 90% of the stator winding.

Solution.  Fig. 22.10 shows the circuit diagram.
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(i) Let x% of the winding be unprotected.
Earthing resistance, r = 6 Ω

Voltage per phase, Vph = 6·6 × 103/ 3  = 3810 volts

Minimum fault current which will operate the relay

= 1000
5

0 75× ⋅  = 150 A

E.M.F. induced in x% of stator winding

= V ph × (x/100) = 3810 × (x/100) = 38·1 x volts
Earth fault current which x% winding will cause

=
38 1 38 1

6
⋅ = ⋅x
r

x
 amperes

This must be equal to 150 A.

∴ 150 =
38 1

6
⋅ x

or x = 23·6%
(ii) 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%.

∴ 150 =
38 1⋅ x

r

or r =
38 1

150
38 1 10

150
⋅ = ⋅ ×x

 = 2·54 ΩΩΩΩΩ

Example 22.4.  A star-connected, 3-phase, 10 MVA, 6·6 kV alternator is protected by circulat-
ing current protection, the star point being earthed via a resistance r.  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 is to be protected, 15% would be unprotected.  Let r ohms be the
earthing resistance required to leave 15% of the winding unprotected.

Full-load current = 10 10

3 6 6 10

6

3
×

× ⋅ ×
 = 876 A

Minimum fault current which will operate the relay
= 20% of full-load current

=
20

100
876×  = 175 A

Voltage induced in 15% of winding

=
15

100
6 6 10

3
330 3

3

× ⋅ × =  volts

Earth fault current which 15% winding will cause

= 330 3
r

This current must be equal to 175 A.

∴ 175 = 330 3
r

or r = 330 3
175

 = 3·27 ΩΩΩΩΩ
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TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  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 resistance of
9 Ω.  The reactance of the alternator is 2 Ω. [14·88%]

2. The neutral point of 25 MVA, 11 kV alternator is grounded through a resistance of 5 Ω, the relay is set
to operate when there is an out of balance current of 2A.  The CTs used have a ratio of 1000/5. Calculate
(neglect reactance of alternator) :
(i) the percentage of stator winding protected against an earth fault

(ii) the minimum value of earthing resistance to protect 95% of the winding [(i) 68·5% (ii) 0·8 ΩΩΩΩΩ]
3. A 3-phase, 20 MVA, 11kV star connected alternator is protected by Merz-Price circulating current

system.  The star point is earthed through a resistance of 5 ohms.  If the CTs have a ratio of 1000/5 and
the relay 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 ΩΩΩΩΩ]

22.622.622.622.622.6  Pr Pr Pr Pr Protection  of  Totection  of  Totection  of  Totection  of  Totection  of  Transforransforransforransforransformersmersmersmersmers

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 a rare fault may be very
serious unless the transformer is quickly disconnected from the system.  This necessitates to 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 breakers.  Consequently, no automatic protective relay equipment is required.  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) open circuits
(ii) overheating

(iii) 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 manually 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 due to overheating or mechanical injury.  When an internal fault occurs, the trans-
former must be disconnected quickly from the system because a prolonged arc in the transformer may
cause oil fire.  Therefore, relay protection is absolutely necessary for internal faults.

22.722.722.722.722.7  Pr Pr Pr Pr Protection  Systems  for  Totection  Systems  for  Totection  Systems  for  Totection  Systems  for  Totection  Systems  for  Transforransforransforransforransformersmersmersmersmers

For protection of generators, Merz-Price circulating-current system is unquestionably the most satis-
factory.  Though this is largely 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, alternative protective
systems are used which in many cases are as effective as the circulating-current system.  The principal
relays and systems used for transformer protection are :

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

(ii) Earth-fault relays providing protection against earth-faults only.

(iii) Overcurrent relays providing protection mainly against phase-to-phase faults and overloading.
(iv) Differential system (or circulating-current system) providing protection against both earth

and phase faults.
The complete protection of transformer usually requires the combination of these systems.  Choice

of a particular combination of systems may depend upon several factors such as (a) size of the trans-
former (b) type of cooling (c) location of transformer in the network (d) nature of load supplied and
(e) importance of service for which transformer is required.  In the following sections, above systems
of protection will be discussed in detail.

22.822.822.822.822.8  Buchholz  Relay Buchholz  Relay Buchholz  Relay Buchholz  Relay Buchholz  Relay

Buchholz relay is a gas-actuated relay installed in oil im-
mersed transformers for protection against all kinds of faults.
Named after its inventor, Buchholz, it is used to give an alarm

in case of incipient (i.e.
slow-developing) faults in
the transformer and to dis-
connect the transformer
from the supply in the
event of severe internal
faults.  It is usually in-
stalled in the pipe con-
necting the conservator to
the main tank as shown in
Fig. 22.11.  It is a univer-
sal practice to use
Buchholz relays on all
such oil immersed trans-
formers having ratings in
*excess of 750 kVA.

Construction.  Fig. 22.12 shows the constructional details of a Buchholz relay.  It takes the form
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 a float.
The lower element contains a mercury switch mounted on a hinged type flap 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
severe internal faults.

Operation.  The operation of Buchholz relay is as follows :

(i) In case of incipient faults within the transformer, the heat due to fault causes the decompo-
sition of some transformer oil in the main tank.  The products of decomposition contain
more than 70% of hydrogen gas.  The hydrogen gas being light tries to go into the conserva-

* Its use for oil immersed transformers of rating less than 750 kVA is generally uneconomical.

Buchholz  Relay
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* The conditions described do not call for the immediate removal of the faulty transformer.  It is because
sometimes the air bubbles in 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.

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.

(ii) If a serious fault occurs in 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 in doing so tilts the flap to close the contacts of mercury switch.  This completes the trip
circuit to open the circuit breaker controlling the transformer.

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

protection.
Disadvantages

(i) It can only be used with oil immersed transformers equipped with conservator tanks.
(ii) The device can detect only faults below oil level in the transformer.  Therefore, separate

protection is needed for connecting cables.
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22.922.922.922.922.9  Earth-Fault  or  Leakage  Pr Earth-Fault  or  Leakage  Pr Earth-Fault  or  Leakage  Pr Earth-Fault  or  Leakage  Pr Earth-Fault  or  Leakage  Protectionotectionotectionotectionotection

An earth-fault usually involves a partial breakdown of winding insulation to earth.  The resulting
leakage current is considerably less than the short-circuit current.  The earth-fault may continue for a
long time and cause considerable damage before it ultimately develops into a short-circuit and removed
from the system.  Under these circumstances, it is profitable to employ earth-fault relays in order to
ensure the disconnection of earth-fault or leak in the early stage.  An earth-fault relay is essentially 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 a transformer is the *core-balance leakage protection shown in
Fig. 22.13.

The three leads of the primary winding of power trans-
former are taken through the core of a current transformer
which carries a single secondary winding.  The operating coil
of a relay is connected to this secondary. Under normal con-
ditions (i.e. no fault to earth), the vector sum of the three 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.  Consequently, no current flows through the relay
and it remains inoperative.  However, on the occurrence of an
earth-fault, the vector sum of three phase currents is no longer
zero.  The resultant current sets up flux in the core of the C.T.
which induces e.m.f. in the secondary winding.  This energises
the relay to trip the circuit breaker and disconnect the faulty
transformer from the system.

22.1022.1022.1022.1022.10    Combined  Leakage  and  Overload  Pr   Combined  Leakage  and  Overload  Pr   Combined  Leakage  and  Overload  Pr   Combined  Leakage  and  Overload  Pr   Combined  Leakage  and  Overload  Protectionotectionotectionotectionotection

The core-balance protection described above suffers from the drawback that it cannot provide pro-
tection against overloads.  If a fault or leakage occurs between phases, the core-balance relay will not
operate.  It is a usual practice to provide combined leakage and overload protection for transformers.
The earth relay has low 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 also described as a core-balance relay.  Strictly the term ‘core-balance’ is reserved
for the case in 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.

Earth  Leakage  Relay
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Fig. 22.14 shows the schematic ar-
rangement of combined leakage and over-
load protection.  In this system of protec-
tion, two overload relays and one leak-
age or earth relay are connected as shown.
The two overload relays are sufficient to
protect against phase-to-phase faults.  The
trip contacts of overload relays and earth-
fault relay are connected in parallel.
Therefore, with the energising of either
overload relay or earth relay, the circuit
breaker will be tripped.

22.1122.1122.1122.1122.11  Applying  Cir Applying  Cir Applying  Cir Applying  Cir Applying  Circulating-culating-culating-culating-culating-
currcurrcurrcurrcurrent  System  to  Tent  System  to  Tent  System  to  Tent  System  to  Tent  System  to  Transforransforransforransforransformersmersmersmersmers

Merz-Price circulating -current principle
is commonly used for the protection of
power transformers against earth and phase faults.  The system as applied to transformers is funda-
mentally the same as that for generators but with certain complicating features not encountered in the
generator application.  The complicating features and their remedial measures are briefed below :

(i) In a power transformer, currents in the primary and secondary are to be compared. As these
two currents are usually different, therefore, the use of identical transformers (of same turn
ratio) will give differential current and operate the relay even under no load conditions.

The difference in the magnitude of currents in the primary and secondary of power transformer is
compensated by different turn ratios of CTs.  If T is the turn-ratio of power transformer, then turn-
ratio of CTs on the l.v. side is made T times that of the CTs on the h.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 remains inoperative.

(ii) There is usually a phase difference between the primary and secondary currents of a 3-phase
power transformer.  Even if CTs of the proper turn-ratio are used, a differential 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 CTs on
one side of the power transformer are connected in such a way that the resultant currents fed into the
pilot wires are displaced in phase from the individual phase currents in the same direction as, and by
an angle equal to, the phase shift between the power-transformers primary and secondary currents.
The table below shows the type of connections to be employed for CTs in order to compensate for 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.

(iii) Most transformers have means for 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, exercise restrain during energising to prevent maloperation.

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

22.1222.1222.1222.1222.12 CirCirCirCirCirculating-Currculating-Currculating-Currculating-Currculating-Current  Scheme  for  Tent  Scheme  for  Tent  Scheme  for  Tent  Scheme  for  Tent  Scheme  for  Transforransforransforransforransformer  Prmer  Prmer  Prmer  Prmer  Protectionotectionotectionotectionotection

Fig. 22.15 shows Merz-Price
circulating-current scheme
for the protection of a 3-
phase delta/delta power
transformer against phase-to-
ground and phase-to-phase
faults.  Note that CTs on the
two sides of the transformer
are connected in star.  This
compensates for the phase
difference between the
power transformer primary
and secondary.  The CTs on
the two sides are connected
by pilot wires and one relay
is used for each pair of CTs.

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 flows through the relays.  If a ground
or phase-to-phase fault occurs, the currents in the secondaries of CTs will 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 zone is limited to the region between CTs on the high-voltage side and the
CTs on the low-voltage side of the power transformer.

It is worthwhile to note that this scheme also 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 is altered and causes unbalance between current transformer pairs.  If turn-ratio of
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power transformer is altered 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 transformers on 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, CTs will be connected in delta on 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
shown in Fig. 22.16.

Suppose that line current on 220 V side is 600 A.
∴ Phase current of delta connected CTs on 220V side

= 5 A
Line current of delta connected CTs on 220 V side

= 5 × 3  =  5 3  A

This current (i.e. 5 3 ) will flow through the pilot wires.  Obviously, this will be the current
which flows through the secondary of CTs on the 11,000 V side.

∴ Phase current of star connected CTs on 11,000 V side = 5 3  A

If I is the line current on 11,000 V side, then,
Primary apparent power = Secondary apparent power

or 3  × 220 × 600 = 3  × 11,000 × I

or I =
3 220 600

3 11000
× ×

×
 = 12 A

∴ Turn-ratio of CTs on 11000 V side

= 12 : 5 3  = 1·385  : 1
Example 22.6.  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
connected in delta on 400 V side (i.e. star side of power transformer) and in star on 11,000 V side (i.e.
delta side of power transformer).

Suppose the line current on 400 V side is 500 A.
∴ Phase current of delta connected CTs on 400 V side

= 5 A

Line current of delta connected CTs on 400 V side

= 5 × 3  = 5 3  A

This current (i.e. 5 3  A) will flow through the pilot wires.  Obviously, this will be the current

which flows through the secondary of the CTs on 11000 V side.

∴ Phase current of star-connected CTs on 11000 V side

= 5 3  A

If I is the line current on 11000 V side, then,
Primary apparent power = Secondary apparent power

or 3  × 400 × 500 = 3  × 11000 × I

or I =
3 400 500

3 11000
200
11

× ×
×

=  A

∴ C.T. ratio of CTs on 11000 V side

= 200
11

5 3 200
11 5 3

10 5
5

: =
×

= ⋅  = 10·5 : 5

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  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 a ratio of 300/5, determine the ratio of CTs on the high

voltage side. [60 : 5 3 ]

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]
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SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST
1. Fill in the blanks by inserting appropriate words/figures.

(i) The  most commonly used system for the protection of generator is ............
(ii) Automatic protection is generally ............ provided for field failure of an alternator.

(iii) The chief cause of overspeed in an alternator is the ............
(iv) Earth relays have ............ current settings.
(v) Buchholz relay is installed 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 side in ............
(viii) Overload protection is generally not provided for ............
(ix) Buchholz relay is a ............ 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)

(ii) The most 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 generally ............ than short-circuit current. (less, greater)
(v) Merz-Price circulating current principle is more suitable for ............ than ............

(generators, transformers)

ANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TEST

1. (i)  circulating-current system  (ii) not  (iii) sudden loss of load  (iv) lower  (v) main tank  (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  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. Discuss the important faults on an alternator.
2. Explain with a neat diagram the application of Merz-Price circulating current principle for the protection

of alternator.
3. Describe with a neat diagram the balanced earth protection for small-size generators.
4. How will you protect an alternator from turn-to-turn fault on the same phase winding ?
5. What factors cause difficulty in applying circulating current principle to a power transformer ?
6. Describe the construction and working of a Buchholz relay.
7. Describe the Merz-Price circulating current system for the protection of transformers.
8. Write short notes on the following :

(i) Earth-fault protection for alternator
(ii) Combined leakage and overload protection for transformers

(iii) Earth-fault protection for transformers

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. What is the difference between an earth relay and overcurrent relay ?
2. How does grounding affect relay application ?
3. Why is overload protection not necessary for alternators ?
4. 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 ?



541541541541541

��

C H A P T E RC H A P T E RC H A P T E RC H A P T E RC H A P T E R

Protection of Busbars and Lines

23.1 Busbar Protection

23.2 Protection of Lines

23.3 Time-Graded Overcurrent Protection

23.4 Differential Pilot-Wire Protection

23.5 Distance Protection

IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

Busbars and lines are important elements
of electric power system and require the
immediate attention of protection

engineers for safeguards against the possible
faults occurring on them.  The methods used for
the protection of generators and transformers can
also be employed, with slight modifications, for
the busbars and lines.  The modifications are
necessary to cope with the protection problems
arising out of greater length of lines and a large
number of circuits connected to a busbar.
Although differential protection can be used, it
becomes too expensive for longer lines due to
the greater length of pilot wires required.
Fortunately, less expensive methods are available
which are reasonably effective in providing
protection for the busbars and lines.  In this
chapter, we shall focus our attention on the various
methods of protection of busbars and lines.

23.123.123.123.123.1   Busbar Pr  Busbar Pr  Busbar Pr  Busbar Pr  Busbar Protectionotectionotectionotectionotection

Busbars in the generating stations and sub-stations
form important link between the incoming and
outgoing circuits. If a fault occurs on a busbar,
considerable damage and disruption of supply will
occur unless some form of quick-acting automatic



542542542542542 Principles of Power System

protection is provided to isolate the faulty busbar.  The busbar zone, for the purpose of protection,
includes not only the busbars themselves but also the isolating switches, circuit breakers and the
associated connections.  In the event of fault on any section of the busbar, all the circuit equipments
connected to that section must be tripped out to give complete isolation.

The standard of construction for busbars has been very high, with the result that bus faults are
extremely rare.  However, the possibility of damage and service interruption from even a rare bus
fault is so great that more attention is now given to this form of protection.  Improved relaying
methods have been developed, reducing the possibility of incorrect operation.  The two most com-
monly used schemes for busbar protection are :

(i) Differential protection  (ii) Fault bus protection
(i) Differential protection.  The basic method for busbar protection is the differential scheme

in which currents entering and leaving the bus are totalised.  During normal load condition, the sum of
these currents is equal to zero.  When a fault occurs, the fault current upsets the balance and produces
a differential current to operate a relay.

Fig. 23.1 shows the single line diagram of current differential scheme for a station busbar.  The
busbar is fed by a generator and supplies load to two lines.  The secondaries of current transformers
in the generator lead, in line 1 and in line 2 are all connected in parallel.  The protective relay is
connected across this parallel connection.  All CTs must be of the same ratio in the scheme regardless
of the capacities of the various circuits.  Under normal load conditions or external fault conditions,
the sum of the currents entering the bus is equal to those leaving it and no current flows through the
relay.  If a fault occurs within the protected zone, the currents entering the bus will no longer be equal
to those leaving it.  The difference of these currents will flow through the relay and cause the opening
of the generator, circuit breaker and each of the line circuit breakers.

(ii) Fault Bus protection.  It is possible to design a station so that the faults that develop are
mostly earth-faults.  This can be achieved by providing earthed metal barrier  (known as fault bus)
surrounding each conductor throughout its entire length in the bus structure.  With this arrangement,
every fault that might occur must involve a connection between a conductor and an earthed metal
part.  By directing the flow of earth-fault current, it is possible to detect the faults and determine their
location.  This type of protection is known as fault bus protection.

Fig. 23.2 show the schematic arrangement of fault bus protection.  The metal supporting struc-
ture or fault bus is earthed through a current transformer.  A relay is connected across the secondary
of this CT.  Under normal operating conditions, there is  no current flow from fault bus to ground and
the relay remains inoperative.  A fault involving a connection between a conductor and earthed sup-
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porting structure will result in current flow to ground through the fault bus, causing the relay to
operate.  The operation of relay will trip all breakers connecting equipment to the bus.

23.223.223.223.223.2    Pr   Pr   Pr   Pr   Protection  of  Linesotection  of  Linesotection  of  Linesotection  of  Linesotection  of  Lines

The probability of faults occurring on the lines is much more due to their greater length and exposure
to atmospheric conditions.  This has called for many protective schemes which have no application to
the comparatively simple cases of alternators and transformers.  The requirements of line protection
are :

(i) In the event of a short-circuit, the circuit breaker closest to the fault should open, all other
circuit breakers remaining in a closed position.

(ii) In case the nearest breaker to the fault fails to open, back-up protection should be provided
by the adjacent circuit breakers.

(iii) The relay operating time should be just as short as possible in order to preserve system
stability, without unnecessary tripping of circuits.

The protection of lines presents a problem quite different from the protection of station appara-
tus such as generators, transformers and busbars.  While differential protection is ideal method for
lines, it is much more expensive to use.  The two ends of a line may be several kilometres apart and to
compare the two currents, a costly pilot-wire circuit is required.  This expense may be justified but in
general less costly methods are used.  The common methods of line protection are :

(i) Time-graded overcurrent protection
(ii) Differential protection

(iii) Distance protection

Fig. 23.3 shows the symbols indicating the various types of relays.



5.1 Introduction 

The word bus is derived from the Latin word omnibus which means common for all. 
Busbars are the nerve-centres of the power system where various circuits are connected 
together. These are the nodes of the electrical circuit. Figure 5.1 shows a busbar having 
an N, number of incoming lines and an  N2 number of outgoing lines. The protective zone, 
to be generated by the protective relays, is also shown. It may be noted that under the 
normal power flow condition the sum of incoming currents is equal to the sum of 
outgoing currents, i.e 

Figure 5.1 Introduction to busbars. 
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Thus, there is a large concentration of short-circuit capacity at the busbars. A fault 
0" the busbar, though rare, causes enormous damage. When protective relays operate . 

to isolate the busbar from the system, there is a large disruption to- the loads. 
Busbars are located in switchyards, substations, and supply kiosks. The switchyards 
are well shielded from direct lightening strokes but because of their outdoor nature, 
are subject to the vagaries of weather. The substations are well protected in all 
respects and fault probability is indeed very low. Similarly, supply kiosks are totally 
enclosed and sealed. 

The causes of faults experienced on busbars are: weakening of insulation because of 
ageing, corrosion beccause of salty water, breakdown of insulation because of over- 
voltages, foreign objects, and so on. For example, rodents, lizards and snakes are known 
to have caused busbar faults in remote unmanned substations. 

Because of the low probability of busbar faults, for many years, it was considered 
unnecessary to provide explicit protection to busbars. It was felt at  that time that 
maloperations of the busbar ~rotection systems will be problematic by themselves and of 
little help in sensing genuine faults. It should be noted that busbars fall in the overlap 
between ~rotect ive zones on either side, so they do get back-up protection. Hence, 
Protection engineers hesitated from providing exclusive busbar protection. 

However, as the system voltage went on increasing and short-circuit capacities went 
on building up, it was no. longer advisable to leave busbars unprotected on a primary 
basis. 

What  form of protection is best suited for busbars? A little reflection will convince 
the reader  that differential protection will suit this situation best because the 
ends (terminals) of the system are physically near to each other. Thus, by installing 
CTs o n  the two sides, we can simply compare the current entering thebusbar with 
that leaving it. Any discrepancy between the two will immediately signaf an internal 
fault. 

In Section 5.2, we have explained the protection of busbars by the  differential 
Protection scheme. 

5.2 Differential Protection of Busbars 

I 5-2.1 Selection of CT Ratios in Case of Busbar Protection: Wrong 
Method 

Figure 5.2 shows a busbar, having two incoming feeders and one outgoing feeder, 
being protected by a simple differential protection scheme. The currents shown are 
for n o r m a l  load flow. Let us decide the CT ratios on the basis of maximum primary 
load c u r r e n t  seen by each CT. Thus, the CTs on the incoming feeder will have 
CT ra t ios  of 100011 A and 200011 A, respectively. The CT on the outgoing feeder will 
have a CT ratio of 300011 A. However, with this choice of CT ratios, it can be seen from 
the d iagram that there is a spill current even during the healthy condition. Thus, the 
method of selecting CT ratio on the basis of maximum primary current seen by the 
feeder is not correct. 
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Figure 5.2 Wrong method of selection of CT ratios for differential protection of busbars. 

5.2.2 Selection of CT Ratios in Case of Busbar Protection: Correct 
Method 

I 

Figure 5.3 shows the correct method of setting the CT ratios for the busbar differential 
i protection. It can be seen that the CT ratios of all the CTs are equal and are based on 
! the primary current of that feeder which carries the maximum current. Thus, all the CT 
i 

Figure 5.3 

P I U ~  setting -+ R OC relay '"1 =...A 9 Zero ampere 

1 i  - 1 A  

Correct method of selection of CT ratios for differential protection of busbars. 
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5.3 External and Internal Fault 

~ : l  
ratios are 3000/1 A. Therefore, as can be seen from the figure, there is no spill current 

.,. , ,, 
through the OC relay connected in the spill path and the scheme remains stable. 

s :. 
. , We draw an important rule for the selection of CT ratios for all the CTs in a busbar 
. ,. differential protection, namely: 

In the preceding discussion, we have assumed that the CTs are ideal. When the CT 
primary current, or the burden on it, is within its design limits, the CT can indeed be 
assumed to be more or less ideal. However, as the primary current exceeds the design 
value or the CT burden (output of CT in VA) becomes excessive, the CT no longer behaves 
in an ideal fashion. '~he non-ideal behaviour of the CT has very serious implications for , , 

the protective schemes. 
Figure 5.4 shows currents during an external fault beyond CTc. It can be seen that 

CTc, the CT on the faulted feeder, has to carry the sum of all currents fed into the fault 
by various feeders. Therefore, CTc sees a substantially larger primary current than either . . 

CTA or CTB. In all likelihood, CTc will therefore become saturated. We can, therefore, no 
longer assume that CTc will faithfully transform the fault current. For the sake of ... 

illustration, we have assumed that the secondary current of CTc is only 4 A instead of 
10 A. I t  can be seen from Figure 5.4 that this results into a spill current of 6 A, causing 
the scheme to maloperate, i.e. lose stability on external fault. ". 

>, :, 

b .  
i. 
.!i ; 

1; CT, and CT. are unsaturated 

Maximum out of all the feeder currents 
CT ratio for all CTs in bus differential scheme = 1 A  or 5 A  

J 4 A  I External fault 

+ .  

Plug setting -+ R OC relay 
l o  = A % A 

1 iiiii.: 
I . 1 . . - ? I 

10A  4  A  

Figure 5.4 Behaviour of busbar differential scheme on external fault. 

In the worst case scenario, CTA and CTB continue to transform faithfully as per their 
nameplate CT ratio but CTc, which carries the total fault current, gets completely 
saturated. This clearly indicates the occurrence of an imbalance in transformed secondary 
currents, resulting in substantial spill current. This situation most likely will cause the 
scheme to operate. Operation of a differential scheme under external faults is, therefore, 
clearly a case of maloperation. 



Interestingly, as the fault shifts by a small distance to the left and becomes an 
internal fault, still drawing the same current, the situation dramatically changes as far 
as CTc is concerned. This is depicted in Figure 5.5, wherein it can be seen that CTc now 
does not carry any fault current (assuming a single-end-fed system with source on left- 
hand side). Since CTA and CTB are not carrying excessive primary currents, they 
transform the current without too much error. There is thus a spill current in the spill 
path and the scheme operates as expected. 

No source 

1 0 A  Zero 

Figure 5.5 Behaviour of busbar differential scheme on internal fault. 

The maloperation of the busbar differential scheme on external faults is caused due 
to non-ideal behaviour of a CT carrying excessive primary current. I t  will, therefore, be 
pertinent, at  this point to take a closer look at the actual behaviour of protective current 
transformers. 

5.4 Actual Behaviour of a Protective CT 

Figure 5.6 shows the equivalent circuit of a current transformer referred to the secondary 
side. R b and 4 are the primary winding resistance and leakage reactance, respectively, 
referred to the secondary side. R, and X,  are the resistance and leakage reactance of the 
secondary winding, respectively. The excitation is modelled by X; and core loss by Rb in 
the equivalent circuit (referred to secondary). 

At low values of primary current Ipr and therefore I,, voltage E, to be induced by the 
secondary winding, which is approximately equal to (Zburden Is) ,  is quite low. The working 
flux in the CT, which is equal to (E,/4.44 fN) is also very low. The magnetizing current 
requirement is, therefore, correspondingly low. Thus, the secondary current I, is 
substantially equal to I,/N. 

If the primary current increases, initially, the secondary current also increases 
proportionately. This causes the secondary induced voltage to increase as well. Increased 
secondary voltage can only be met with an increase in the working flux of the CT. AS the 
flux increases, the transformer needs to draw a higher magnetizing current. However, 
because of the nonlinear nature of the B-H curve for the CT, as the knee of the excitation 



8.1 Introduction 
~, . 

A generator could be pert of: >: , . 

water turbine based hydropower station 
gas turbine based power station 
steam turbine based thermal power station 
nuclear power station 

In all the above installations, the protection of the generator pre.5ents a very 
challenging problem because of its system connections on three different sides as shown 
in Figure 8.1. On the one side, i t  is connected to the prime mover and on the other side, 
it has to run in synchronism with the grid because of its connection to the &wer system. 
On yet another (third) side, it is connected to the source of DC excitation. I t  is thus 
obvious that generator protection is very complex compared to protection for other 
elements of the power system. 

(Turbo-alternator) 

DC excitation system 

Figure 8.1 Complexities of generator protection. 
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this book, we will restrict ourselves to various aspects of protection of a large 
mv or higher) steam turbine based turbo-alternator, 

case of a fault on a turbo-alternator, it is not enough to open the main circuit 
r connecting it to  the power grid. For example, when a turbo-alternator driven by 

team turbine is tripped, the following must be done: . Steam supply to  the turbine is stopped or bypassed. 

Firing of the boiler is stopped. 
Coal mills are stopped. 
Coal supply to the coal mills is stopped. 
Field circuit of the alternator is interrupted. 

Field coils are connected across a resistor to dissipate the stored energy. 

Alternator is kept running a t  a slow speed (few rpm) with the help of barring gear 
till it cools down uniformly, so as to avoid uneven expansions. 

Putting back the alternator on line is rather a slow process because all the parameters 
(temperatures and pressures) have to be progressively built up to avoid thermal shock 
resulting in uneven expansions which might cause unacceptable vibrations. Therefore, 
unscheduled outage of a thermal power station is avoided as far as possible. 

We have to keep in mind that a modern large turbo-alternator is a huge mass rotating 
at  a very high speed (3000 rpm) in a very small air-gap. Thus, apart from the large 
electrical energies involved, there is tremendous amount of mechanical energy in the form 
of moment of inertia of the rotating mass and resultant forces on the shaft, the rotor body 
and the stator structure. 

Thus, any slight increase in temperature or uneven heating of the rotor may cause 
eccentricity, which gets accentuated because of the high speed of rotation and small air- 
gap. The entire system has, therefore, to be run in a narrow range of various parameters 
like temperatures and pressures, displacements, flows, voltages, currents, power factor, 
and so forth. The operation outside the specified parameter range may cause a substantial 
decrease in the life of the equipment. 

Since the power station equipment represents a very high investment of money, the 
operation of the power plant is very closely monitored and controlled. 

Figure 8.2 illustrates the complexities of a turbo-alternator in a more detailed 
manner. 

It is said that running a large power station is like flying a supersonic jet aircraft 
! without any forced landings or crashes! 
I 

I 
I 8.2 Electrical Circuit of the  Generator 
I 
I 

I The electrical circuit of the generator is very simple in spite of the complexity of the 
overall system. This is shown in Figures 8.3(a), 8.3(b) and 8.3(c). It is to be noted 
that the generator is nwer solidly grounded. If it were solidly grounded, the single 
line-to-ground fault current would be dangerously high Apart from thdhigh value of fault 
current, the resulting asymmetry in the rotating magnetic field inside the generator 
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connected through a step-down transformer, known as grounding transformer. 



The power plant has a sizeable auxiliary electrical load of its own, of .;he order of 10% 
of the power rating of the generator, w'nich is supplied through the unit armillan 
transformer (UAT). It is to be noted that these auxiliaries require power even before the 
generator can be started, run up to speed and synchronized with the grid. Hence, there 
is the switching facility to energize the UAT directly from the grid. 

Generator 
transformer Main CB EHV bus &="-& - -. - :s$# *To grid 

Unit auxiliary 
transformer 

il) station auxiliaries 
. . 

Figure 8.3(a) Alternator unit auxiliary transformer and main CB. 

+ 
Phase 

eii 
Grounding . ~ 

tra,isformer ?: 
(Step-down :I" 
transformer) 8 

I 
I Figure 8,3(b) Alternator and neutral grounding transformer. 

I The rotor of the generator houses the field winding. A separate dc generator, which 
is mounted on the turbo-alternator shaft, feeds the field. The dc system is kept floating 
with respect to the ac ground, i.e. neither the +ve nor the -ve terminal is grounded. The 
field interrupter and the arrangement for field suppression is also shown in Figure 8.3(c). 
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Field interruptor 

Field current . . ., 

I h 

Excitation control 
; -. Field --- 4 4 Field winding 

system of generator 

DC system is isolated 
alternator shaft from ac ground 

Figure 8.3(c) Electrical circuit of the exciter of the generator. 

a 
8.3 Various Faults and Abnormal Operating Conditions 

In addition various electrical faults, a generator goes through many abnormal operating 
conditions, which need to be understood. Figure 8.4(a) and Figure 8.4(b) show the 
hierarchy of the electrical faults and abnormal operating conditions. 

r Phase fault 
Stator e - 

lnter-turn fault on the 
samelphase 

Electrical- 
faults - Ground faults 

Rotor 

Field winding Short circuit to ground 

Figure 8.4(a) Various electrical faults on a turbo-alternator. 

Stator 

Electrical Unbalanced ioadlng 

Abnormal 
operating 
conditions 

Rotor 

Field winding Loss of excitation 

Mechanical Loss of 
prime mover 

Over-speeding 

Figure 8.4(b) Various abnormal operating conditions of a turbo-alternator. 



8.3.1 Stater Faults 
The chree-phase armature winding on the stator can develop phase as well as ground 
faults. Another possibility is inter-turn faults between turns of the same phase. 

8.3.2 Stator Phase and Ground Faults 

Phase and ground faults on the stator armature winding can be easily detected by a 
conventional percentage differential protection scheme as shown in Figure 8.5. This type 
of scheme is also known as longitudinal differential scheme in order to differentiate it 
from another differential scheme, known as transverse differential scheme which is used 
to detect inter-turn faults. 
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I Figure 8.5 Longitudinal Ipercentage differential protection. 

\ 
It may be noted that there are differences between the differential protection of a 

power transformer and that of a generator as shown in Table 8.1. As a result of these 
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differences, the percentage bias setting for the generator differential relay is quite small 
compared to that for the power transformer. 

Table 8.1 Difference between transformer and generator differential protection 

Power transformer Generator 
Primary and secondary voltages Same voltage for CTs on two sides of the generator 
are in general different winding 
Turns-ratio of the CTs are different Turns-ratio of CTs on the two sides of the generator 
because of ratlo of transformation winding is same 
of the transformer 
Tap changer may be present No such device is present 

This gives rise to a larger spill current, during normal load and external faults, in 
case of the transformer differential protection than in case of the generator differential 
protection. Normally, the percentage bias setting of 5-10% is adequate for longitudinal 
differential protection of the generator stator winding whereas a setting of 20-40% may 

* 
be required in case of power transformers. 

The longitudinal differential scheme caters for phase as well as ground faults on the 
stator winding. However, it  is unable to detect the inter-turn faults between the turns of 
the same phase. This is discussed in the following Section 8.3.3. ,.. 

8.3.3 Transverse Differential Protection 

I? order to apply this type of protection, a special type of split winding is reeuired as . . 

shown in Figure 8.6. Current in each parallel section is now compared with that in the 
other section. If there is an inter-turn fault in one section then the currents will differ 
and flow as spill current through the OC relay, as shown in Figure 8.6. . . 

Figure 8.6 Transverse protection of generator winding 

In Figure 8.6, only the winding with the inter-turn fault is shown in detail. The half 
of the winding in which there is an inter-turn fault is shown to carry 3000 A whereas the 
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healthy half carries 3500 A. 4 s  seen from the figure, the current entering the phase c 
winding, as a whole, is 6500 A which is the same as that leaving it. Therefore, a 
longitudinal differential relay would be incapable of detecting such faults. 

However, because of the splitting of the winding and transverse connection of the 
CTs, there is a spill current of 0.72 A in the transverse differential relay Thus, a setting 
of, say, 0.5 A will be enough to detect such an inter-turn fault. 

8.4 Rotor Faults 
The rotor carries the field winding which is kept isolated from the ground. Neither the 
positive nor the negative terminal of the dc supply is grounded. Thus, any ground fault 
on the rotor field winding does not affect the working of the alternator. However, a 
subsequent fault would cause a section of the rotor winding to be short circuited, giving 
rise to a secondary flux which opposes the main flux in the proximity of the shorted turns, 
causing distortion in the distribution of main flux. The flux will get concentrated on one 
pole but dispersed over the other and intervening surfaces. The resulting asymmetry in 
the electromagnetic forces will cause severe vibrations of the rotor. In a modern turbo- 
alternator, the inertia of rotation is very large and the rotor-to-stator clearances are very 
small, therefore, there is a likelihood of permanent damage to the turbo-alternator. 
Instances have been reported where, during rotor faults, because of severe mechanical 
stresses structural damage was caused. 

In the light of the above, the very first fault on the field winding must be detected 
and the set tripped in a controlled manner. An arrangement for rotor earth fault detection 
and protection is shown in Figure 8.7, wherein an external voltage source is superimposed 

Field winding Sllp ring 
of generator Generator shaft 

Exciter 

Rotor earth 
fault 

Time 
I Plug 

L-L&.J Alarm 

OC relay 

setting Trip 
setting Trip circuit of main 

CB of generator 

fi Isolation transformer 

Figure 8.7 Protection against rotor faults. 
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), 
on the rotor circuit. This external voltage source is grounded so that the very first rotor 

. , r< ,  

.f,! earth fault causes a dc fault current to flow which is easily detected by an OC relay 
~! 
f!, 8 ;  
, , ,, 1 8.5 Abnormal Operating Conditions 

:!I!., 
As pointed out earlier, a generator cannot be considered in isolation because of a very 
large number of other equipment connected to it. Even though there is no electrical fault 
in the generator, if one of its associated equipment develops a fault, then it has serious 
implications for the generator. Every auxiliary equipment connected to the generator is 
a likely source of trouble. There are a large number of possible faults, as well as 
combinations of faults, on these equipment, that threaten the operation of the generator. 
Instances where there is no direct electrical fault in the generator but one or more of its 
associated equipment develop a fault or an abnormality, may lead to an  abnormal 
operating condition, which may or may not be serious. However, all abnormal operating 
conditions need to be detected as quickly and as sensitively as possible so that the 
corrective action can be taken and a possible shutdown averted or anticipated. 

In the following sections, we consider some prominent abnormal operating conditions 
that need to be carefully considered while providing protection to the generator. 

8.5.1 Unbalanced Loading 

If there is an  unbalanced loading of the generator then the stator currents have a 
negative sequence component. The stator field due to these negative sequence currents, 
rotates a t  synchronous speed but in a direction opposite to the direction of the field 
structure on the rotor. Thus, the negative sequence stator armature mmf rotates a t  a 
speed -Ns while the rotor field speed is +Ns. Therefore, there is a relative velocity of 
between the two. This causes double frequency currents, of large amplitude, to be induced 
in the rotor conductors and iron. Recall that the eddy current loss component of iron loss 
in the rotor is proportional to f2(Bm,)' while the hysteresis loss is proportional to 
f (B,,)" where n = 1 6 to 2 depending upon the core material. Therefore, both the eddy 
current as well as the hysteresis losses increase due to these double frequency induced 
currents in the rotor. This is shown in Figure 8.8. 

Thus, if the stator carries unbalanced currents, then it is the rotor, which is 
overheated. How long the generator can be allowed to run under unbalanced loading, 
depends upon the thermal withstand capacity of the machine, which in turn depends upon 
the type of cooling system adopted. The rate of heat generation is proportional to I ~ R  
while the heat energy is proportional to IiRt,  where t is the time and I, is negative 
sequence current. Since the capacity of a particular machine, to safely dissipate energy, 
is limited to a certain value k,  we can write 

I ; R ~  = k 

Assuming R to be a constant, and K = klR, we get the thermal characteristics of the 
machine as 

1;t = K 

In other words, the time t for which the offending current I can be allowed to flow should 
be less than or equal to ~11; .  



steady state 

Unbalanced loading? e 
Yes 

Negative sequence component in stator 
current 

Relative speed between rotor and the field due 
to negative sequence currents = 2Ns 

! 

Double frequency currents of frequency 
2Nsp/120 induced in rotor core and winding 

Stator armature MMF due to negative 
sequence currents rotates at -Ns (rpm) F~eld wlnd~ng rotating at Ns (rpm) 

Additional heat generated 

Figure 8.8 Unbalanced loading of stator causes the rotor to overheat. 

Thus, the current-time characteristic can be written as 

The readers will recall that this characteristic is similar to that of the inverse time over- 
current relay. Thus an inverse type of over-current relay, which is fed with the negative 
sequence component of stator current, gives protection against unbalanced loading of the 
generator. 

The preceding discussion suggests that if we could, somehow, extract the negative 
sequence component of the stator current then the protection against unbalanced loading 

1 I. can be implemented by applying the inverse-time OC relay as shown in Figure 8.9. 
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Stator currents 

12 Negative sequence current (rms) 
8 

I Over-current relay with inverse 
characteristic To, = MI: 

I-- Set K for the machine 

Trip main CB of generator 
Figure 8.9 Logic of the protection against unbalanced loading. 

Consider that a turbo-alternator is supplying its rated real electrical power P, to the grid. 
Its mechanical input Pm is nearly equal to P, (except for the losses) and the machine runs 
a t  constant synchronous speed Ns. 

Now, consider that due to some fault the generator is tripped and disconnected from 
the grid. Thus, P, becomes zero. However, the mechanical power input Pm cannot be 
suddenly reduced to zero. Therefore, we land up in a situation where the generator has 
full input mechanical power but no output electrical power. This would cause the machine 
to accelerate to dangerously high speeds, if the mechanical input is notpquickly reduced 
by the speed-governing mechanism. 

The protection against such an eventuality can be provided by sensing the over- 
speeding and taking steps such as operating the steam valve so as to stop steam input to 
the turbine. The speed-governing mechanism or the speed governor gf the turbine is 
basically responsible for detecting this condition. The over-speeding can also be detected 
either by an over-frequency relay or by monitoring the output of the tachogenerator 
mounted on the generator shaft. The logic of protection against over-speeding is shown 
in Figure 8.10. 0 

Tachogenerator Over-frequency 
output relav 

.C Yes 
Stop steam supply 

to turbine 

J. 
Start shutdown of 

generator 
Figure 8.10 Protection against over-speeding. 
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8.5.3 Loss of Excitation 

There are several possible causes due to which field excitation may be lost, namely: 

Loss of field to main exciter 

Accidental tripping of the field breaker 

Short circuit in the field winding 
Poor brush contact in the exciter 

Field circuit breaker latch failure 

Loss of ac supply to excitation system 

The generator delivers both real as well as reactive power to the grid. The real power 
comes from the turbine while the reactive power is due to the field excitation. Consider 

I 
a generator delivering the complex power, S = P, + jQ,, to the grid. 

r Corresponding to real power P,, there is the shaft mechanical power input P,,, and 
corresponding to reactive power Q,, there is the field current If  as shown in 
Figure 8.11(a) and (b). 

Now, consider that the field excitation is lost while the mechanical input remains 
intact. Since the generator is already synchronized with the grid, it  would attempt to 
remain synchronized by running as an rnduction generator. As an induction generator, the 
machine speeds up slightly above the synchronous speed and draws its excitation from the 
grid. This is shown in Figure 8.11(b). Operation as an induction generator necessitates 

I the flow of slip frequency current in the rotor, the current flowing in the damper winding 
I 
I 

and also in the slot wedges and the surface of the solid rotor body. 

Voltage = V L ~ E  

pe d 

Generator Grid 
input Mechanics? Speed > NS 

- ~ Q L O E  

f * .  o QLOE 1" 

! 
Voltage = vmled Q~ 

i 
Field cume"t If = zero 

(Loss of excitation) 

M e c h a n i c a y  
~ n p u t  

(b) After loss of excitation 

Figure 8.11 Loss of excitation. 

Speed = Ns t 
Field cumnt I f  Lpe Generator 

(a) Before loss of excitation 
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Now, there are two possibilities. Either the grid is able to meet this reactive power 
demand fully or meet it partially. If the grid is able to fully satisfy this demand for reactive 
power, the machine continues to deliver active power of P, MW but draws reactive power 
of QLOE MVA and there is no risk of instability. However, the generator is not designed 
as an induction machine, so abnormal heating of the rotor and overloading of the stator 
winding will take place. 

If the grid were able to meet the reactive power demand only partially then this would 
be reflected by a fall of the generator terminal voltage. The generator would be under 
excited. There are certain limits on the degree to which a generator can be operated 
within the under-excited mode. Therefore, the operation in case of loss of excitation must 
be quickly detected and checked to avert any shutdown of the generator. 

The simplest method by which loss of excitation can be detected is to momtor the field 
current of the generator. If the field current falls below a threshold, a loss of f i  eld signal 
can be raised. A complicating factor in this protection is the slip frequency current 
induced in the event of loss of excitation and running as an induction generator. 

The quantity which changes most when a generator loses field excitation is t h e  
impedance measured at  the stator terminals. On loss of excitation, the terminal voltage 
begins to decrease and the current begins to increase, resulting in a decrease of 
impedance and also a change of power factor. 

Thus, loss of excitation can be unambiguously detected by a mho relay located at  the 
generator terminals as shown in the following Section 8.5.4. 

8.5.4 Protection Against Loss of Excitation Using Offset Mbo Relay 

During normal steady-state operation, the impedance seen from the stator terminals, i.e. 
the apparent impedance lies in quadrant I, of the R-X plane as shown in Figure 8.12. 

X 
Medium initial I 

Low initial output 

Figure 8-12 Protection against loss of excitation. 



After the loss of excitation, the apparent impedance enters quadrant I!? Tlle exact 
locus of the apparent impedance and the rate at which it is traced out depends upon the 
initial complex power that was being delivered by the generator. If the initial power 
output was high then the locus is traced out quickiy. However, if the initial power output 
was low then the locus is traced out rather slowly [taking up to a few seconds). 

In order to keep the generator online as long as it is safe, the generator may not be 
instantaneously tripped in case of loss of excitation. As soon as loss of excitation is 
detected by the relay, a n  alarm may be sounded and an attempt may be made to see if 
excitation can be restored. 

A mho type distance relay with offset characteristic may be used for protection 
against loss of excitation. The offset is by an amount equal to Xh/2. The impedance setting 
of the relay is IXd 1 at  an angle of -90" as shown in Figure 8.12. In order to give time for 
change over to the standby exciter by the control circuitry, the relay operation can be 
delayed by about 0.5-3 s. 

8.5.5 Loss of Prime Mover 

In case of loss of prime mover, i.e. loss of mechanical input, the machine continues to 
remain synchronized with the grid, running as a synchronous motor. The machine, now, 
draws a small amount of active power (compared to its rating) from the grid in order to 
drive the turbine and meet the losses taking place in the machine. At the same time, the 
machine supplies reactive power to the grid since its excitation is intact. This is depicted 
in Figure 8.13(a) and (b). Running in this mode is not harmful to the generator, but is 
definitely harmful to a prime mover like a steam turbine. 

Field current 1, excitation 
(a) Before loss of prime mover 

Runnlng as motor 
mover 

Field currh /,excitation 

(b) After loss of prime mover 

Figure 8.13 Loss of prime mover. 
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Normally, loss of steam supply to the turbine causes loss of prime mover. When the 
machine runs as a motor, there is a churning of trapped steam m the turbine causing 
objectionable temperature rise and damage to the blades. Therefore, the loss of prime 
mover needs quick detection followed by tripping of generator. 

When the prime mover is lost, the generator starts drawing real power from the gnd, 
supplying the reactive power to the grid as before. The real power drawn from the grid 
is quite small compared with the generator rating. The generator draws real power which 
is just enough to meet the losses and the load put on it by the turbine. Hence, the 
magnitude of stator current is smaller than when it was generating, but the stator 
current undergoes 180" phase shift as  shown in Figure 8.14. 

This suggests that if we use a directional relay with an MTA of 180" (using generator 
phase angle conventions) as shown then it would detect the loss of prime mover as  the 
current phasor would reverse and enter the trip reson. However,, the magnitude of this 
reversed current phasor is quite small compared to the forward current as the generator 
draws just enough real power to meet the losses and drive the turbine. Hence, the 
directional relay for detecting the loss of prime mover needs to have a high degree of a 
sensitivity compared to directional relays used for crver-current application. 

c Active pol 

Loss of prirne 
mover 

Trip 

D~rect~onal - v a  

relay - ' a  

Loss of prirne 
mover 

" I ,  Generating (unity PF) 

Directional relay . . 

MTA 180' 

Restr-'n 

Trip 

Y Setting: MTA = 180" 
'a  

(Motoring)' 

Figure 8.14 Duectional relay for protection against loss of prime mover. 
I 
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Review Questions 

1. Discuss the scenario that the turbo-alternator presents to the protection engineer. 

2. Tripping the main circuit breaker is not enough protection for a generator. 
Explain. 

3. What are the various faults to which a turbo-alternator is likely to be subjected? 

4. Differentiate between longitudinal and transverse differential protection. 
1 

! 5. Why conventional differential protection cannot detect inter-turn faults on the 
I 
I same phase? 
! 
I 

6. What are the typical values of % bias used for generator protection? How does this 
setting compare with that of similar protection for transformer? 

7. What special type of winding construction is required in case of transverse 
differential protection? 

i 
8. What are the various abnormal operating conditions to which a modern turbo- 

alternator is likely to be subjected? 
\ 9. Why the first ground fault on the rotor does not cause any damage while a second 

fault can be catastrophic? 

10. What do you mean by loss of excitation (LOE) (in the context of generator 

I 
protection)? 

I 11. Why does a generator need to be tripped in case of loss of excitation? 
I 12. Why is loss of excitation difficult to detect by monitoring the field current? 

1 13. How does a LOE distance relay work? 

14. What causes over-speeding? Explains the remedial action that needs to be taken 
to prevent over-speeding. 

15. What causes loss of prime mover? 

16. Can a generator be allowed to run with its prime mover lost? If not, why? 

17. How is loss of prime mover detected? What are the problems encountered in 
implementing this protection? 



9.1 Introduction 
A stupendous number of induction motors are being used in the industry. The induction 
motor is truly thg workhorse of the modern age. Even though the speed control of 
induction motor is not simple and efficient, the reason for the motor's popularity is its 
ruggedness and simplicity. However, with the introduction of power eledronlc controllers, 
the case of speedltorque control of the induction motor is now comparable with that of 
the dc motor. 5 

Induction motors come in a wide range of ratings, from fractionalPorsepower motors 
used in tools and domestic appliances to motors of megawatt rating .used for boiler feed 
pump in thermal power stations. A broad classification is presentedjn Table 9.1. 

Table 9.1 Broad classification of induction motofs 

Small Medium Big 

FHP > 50 HP > 1500 HP 
c 1 kW > 40 k W  > 1000 kW 

It is not possible to make any general statements about the protection of induction : 
motor, since the protection scheme depends on the size (horsepower/kW rating) of the ! 
motor and its importance in the system. This is the reason why induction motor .i 
protection has not been standardized to the extent that other protection schemes have 1 
been. 

However, regardless of what protection we may provide, all motors, big or small, are 
subjected to similar faults and abnormal operating conditions. 3 

1 

9.2 Various Faults and Abnormal Operating Conditions 
The induction motor cannot be considered in isolation. On the one side, it is connecte 
to the supply, possibly through some kind of power electronic controller and on the 0th 
side, it is mechanically coupled to the load. Therefore, the induction motor is subjecte 
to a large number of faults and abnormal operating conditions as depicted in Figure 9. 
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'or Load 
Power 

Trip electron~c 
controller 3 Bearing Bearing 

supply Motor Load 
1. Fault on motor terminals 1. Phase faults 1. Failure of bearing 

I 
I 2. Unbalanced supply voltage 2. Ground faults 2. Prolonged overload 
I 3. Single phasing 3. Inter-turn faults 3. Rotor jam 

4. Reduced supply voltage 

L, 5. Reversal of phases - 
t Figure 9.1 Abnormal operating conditions and faults experienced on induction motors. 

I 9.3 Starting Current 
I 

An induction motor draws a very large starting current, of the order of 6 to 8 times the 
full-load current if started direct-on-line. The amplitude of the starting current may be 

I comparable to fault current. Therefore, the over-current protection provided to the motor 

1 must be able to discriminate between a genuine fault and an over-current due to starting 
of the motor. Hence, coordination between the starting characteristic of the motor and the 
over-current relay is required Figure 9.2 shows the starting current superimposed on the 1 thermal capab~lity curve of the motor, and the characteristic of an over-current relay, 
which mlght be used for protection of the motor. It can be seen from Figure 9.2 that the 

i OC relay characteristic must be above the starting characteristics but below the thermal 

j characteristics of the motor. This will ensure that the protective relay does not operate 

1 during starting phase the motor but will positively operate when the load exceeds the 
I motor's thermal capability. 

Over-current relay 
characteristic 

Thermal capability 

I 

, 
I 
I . 
! characteristic 
i 1  2 3 4 5 6 7  

I IFL Current +Istan ' '+T- 
~ ~ l l - l ~ ~ d  (multiples of Starting 'oh-rault 

current hfl load) current 

:d I Figure 9.2 Starting and thermal characteristics of induction motor. 
1 t 
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9.4 Electrical Fauljs 

9.4.1 Fault on Motor Terminals 
The phase-fault current a t  the terminals of a motor is considerably larger than any . 
normal current such as starting current or any internal-fault current. Hence, a high set I 

instantaneous over-current relay is recommended for fast, reliable, inexpensive and 1 
simple protection. 

9.4.2 Phase Faults Inside the Motor 1 
Protection against phase faults as well as ground faults can be provided using either fuses 

, 

or over-current relays depending upon the voltage rating and size of the motor. Most 
motors will be protected by HRC fuses (Flgure 9.3). The fusing current should be gre 
than the starting current of the motor. The fuse operating time should be less than 
permissible locked rotor time of the motor. The locked rotor tlme is the time for whic 
the rotor can be safely stalled with full supply voltage applied to the stator. 

Induction motor 

f i n  i - 

-. 
Figure 9.3 HRC fuses for protection of induction motor. 

Big motors, which are high voltage. motors, will need to be ~rovided with an 
over-current protection for increased accuracy of protection as shown in Figure 9.4. The 
thermal capability characteristic of the motor should be kept in mind while applying 
over-current protection. The OC relay characteristic should be below the thermal 
capability characteristic as shown in Figure 9.2. 

In case of high impedance ground faults inside the motor, the fault current may 
happen to b e  less than the full-load current. Such faults are difficult to detect using 
over-current approach. A current balance type of protection caters for such faults as 
explained in Section 9.4.3. 

In  case of big motors whose kVA rating is more than half of the supply transformer 
kVA rating, the current for a three-phase fault may be less than five times the current 
for locked rotor condition. In such cases, it is recommended to use percentage differential 
protection as shown in Figure 9.6. If the motor kVA rating is less than half of the supply 
transformer kVA rating, over-current relays can be relied upon. The logic for this 
criterion can be explained as follows: 

Assume a motor is connected to a supply transformer with 8% impedance. The 
maximum fault currerit a t  the transformer secondary with an infinite source is: 
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TS 
Ground 

fault relay 

phase relays fault PST TS 

1 Figure 9.4 Phase fault and ground fault protection of HV induction motor. 

, Trip 
coil 

Induction motor 

i Figure 9.5 Percentage differential relay for protection of induction motor 
i 
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1 I ~ - ~ ~  = (108 = 12.5 per unit on transformer base 

The maximum motor starting current in this case is 

where XM is the motor impedance. In order that (13.ph/ILR) > 5 ,  XM must be greater than 
0.32 per unit on the transformer kVA base. 

If the motor has a full-voltage starting current of six times the full load, then 
XM = 116 = 0.167 on the motor rated kVA base. With a motor kVA of half of the 
transformer kVA, an XM of 0.167 would be 0.333 on the transformer base, which is 
greater than 0.32. Clearly, this rule of thumb should only be applied when there is no 
appreciable deviation from the parameters assumed above. 

9.4.3 Ground Faults Inside the Motor @ 
Figure 9.6 shows an arrangement for detecting high impedance ground faults. The three- 
phase line conductors carrying current to the motor form the primary of a transformer. 
The secondary consists of a pick-up coil wound on the core. 

Figure 9.6 Earth fault protection for induction motor 

When the motor is running normally, the instantaneous sum of all the three line 
currents is zero. Thus, there is no net flux in the core. Hence, the ~ ick -up  coil does not 
have any voltage induced in it. 

Now, consider a ground fault as shown. The three line currents do not sum up to zero. 
Thus, there is a net primary mmf proportional to the fault current If,  returning to the 
supply neutral through the fault path. There is, thus, a flux in the CT core. The pick-up 
coil has a voltage induced which can be sensed by an electronic circuitry or the pick-up 
coil can be made to drive the operating coil of a sensitive relay. 

If an electronic circuit is used to sense the voltage developed by the pick-up coil, the 
current balance relay described above can be made extremely sensitive and can detect 
earth fault currents down to a few tens of milliamperes. Very high sensitivity, however, 
is likely to cause some nuisance tripping. 



9.4.4 Infer-turn Faults I 
Inter-turn faults on the same phase are difficult to detect because they do not cause 
appreciable change in the current drawn by the motor. However, such faults cause hot 
spots to develop, leading to deterioration of insulation. 

No specific protection against inter-turn faults is needed for most motors except very 
big motors. Embedded temperature detectors may be relied upon to provide protection 
against inter-turn faults. 

9.5 Abnormal Operating Conditions from Supply Side 
An induction motor is subject to many abnormal operating conditions as far as the 
electric supply side is concerned. In some cases, quick disconnection of the motor may be 
needed and, in others, only an alarm may be sounded for an operator to take corrective 
action or be ready for shutdown. 

9.5.1 Unbalanced Supply Voltage 

Large induction motors are very sensitive to unbalances in supply voltage. The negative 
sequence component, which comes into picture because of the unbalance in the supply, is 
particularly troublesome. This is because the motor offers very small impedance to the 
negative sequence currents. In fact, the negative sequence impedance is less than the 
positive sequence standstill-impedance as shown in Figure 9.7. Thus, a 4% negative 
sequence supply voltage causes more than 24% negative sequence current to be drawn by 
the motor, if the starting current of the motor is six times the full-load current. This 
causes increased heating of the stator. 

Rs At start (s = 1) 
xr 

Z.1." -) 
R m  Xm 

Z,,, = Rs + R, + ~ ( X S  + X,) 

(a) Equivalent circuit while starting 

At rated speed 

1.99 

z2 < zstall 
0 I 

(b) Equivalent circuit for negative sequence 

Figure 9.7 Equivalent circuit of induction motor. I 
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Further, the magnetic field due to negative sequence rotates a t  synchronous speed Ns 
in a direction opposite to that of the rotor which is rotating at  a speed equal to (sNs),  
which is slightly less than the synchronous speed, where s is the slip of the motor. This 
causes currents of lf(2 - s)] frequency, i.e. almost double the supply frequency, to be 
induced in the rotor circuit. Because of skin effect, the rotor offers five to ten times its 
normal resistance to these double frequency currents, thus, causing excessive heating of 
the rotor. 

Therefore, for large motors any unbalance in the supply voltage needs to be quickly 
detected and corrective action taken. A scheme for detecting unbalanced supply voltage 
is shown in Figure 9.8. 

$5 

Figure 9.8 Negative sequence voltage relay for protection against unbalance in supply 
voltage. 

There are certain situations where the negative sequence relay does not operate ~,.'{ 
correctly. For example, if there is an open circuit fault between the supply and theYelay I : j  
then the relay measures the negative sequence voltage across the motor, which is 
substantial and, therefore, the relay operates 

Open 
CB Motor 

Negative sequence relay 
Figure 9.9 Negative sequence voltage relay correctly detects an open circuit between supply 

and relay. 



However, if the open circuit is between zhe relay and the motor then the negative 
sequence relay ends up measuring ihe negative sequence component of the supply voltage, 
which is very small and does not cause the relay to pick up as shown in Figure 9.10, 

Equivalent sequence 
network connection 

Open circuit CB M~~~~ 

Val 'V z1 m 

h 
Cz + f 

R Vzs Zzm V2, 
: Negative 

sequence relay 

Time setting ''2s << v2m 

Figure 9.10 Negative sequence voltage relay fails to detect an open circuit between relay ~ and motor. 
I 

1 For positive detection of such faults, we need to detect the negative sequence 
! component in the line currents. This is described in Section 9.5.2. 

9.5.2 Single Phasing 
I 
1 Single phasing can occur because of a non-closure of one pole of a three-phase contactor 

1 or circuit breaker, a fuse failure or similar causes. 
Single phasing causes negative sequence current to flow. The motor has a limited 

ability to carry negative sequence currents, because of thermal limitations. 
I 
i Single phasing causes the motor to develop insufficient torque, leading to stalling, 

i 
making the motor to draw excessive current and finally leads to burn out unless the 
motor is tripped. 

i Thus, there is a thermal limit on the amount of the negative sequence current that 
can be safely carried by the motor. The quantity 1; t represents the energy liberated as 

I heat due to negative sequence current 12. 

t 1; t = 40 is conventionally used as the thermal capability of motor to carry negative 

I sequence current. 
1 Figure 9.11 shows the characteristic of a relay for detecting imbalance in the line 
I currents. The relay consists of two units. One unit balances I, against Ib while the other 

I balances Ib against I,. When the currents become sufficiently unbalanced, torque is 
developed in one or both units causing the relay to trip The relay can be set to pick up 

! when negative sequence current I2 = 5-30% of the full-load current. 
I 
I 

-- -- - 



192 Fl~ndamenrals of Power Sysrenr Prorection 

1 A Val --) 

Figure 9.11 Negative sequence current relay to detect aingle phasing. 

9.5.3 Reduction in Supply Voltage 

The torque developed by an induction motor is proportional to the  square of the applied 
voltage, therefore, any small reduction in iroltage has a marked effect on the developed 
torque. The reduced torque may cause the motors to lose speed and draw more current. 

Large motors should be disconnected when a severe low voltage condition persists for 
more than a few seconds. 

Under-voltage relays may be used for protection against reduced supply voltage. 

9.5.4 Reversal of Phases * 

When there is a reversal of phase sequence, possibly due to reversal of phases, the motor 
rotates in a direction opposite to its normal direction of rotation. In several applications, 
such as hoists and elevators, this is a serious hazard. In  such situations, a phase sequence 
detector, which is generally a part of under-voltageiover-voltage, or a negative phase 
sequence protection scheme, can be used to instantaneously trip the motor. 

9.6 Abnormal Operating Conditions from Mechanical Side 

9.6.1 Failure of Bearing and Rotor Jam i 
Bearing failure or rotor jam causes excessive load torque on the motor. This is reflected 
in the increase in stator current. In order to discriminate between rotor jam and other .$ * operating conditions that can also cause over-current, the high current is not recognized 

I,$ ,> 

as a jam condition unless the motor has reached its rated speed and the current is in ..,- 

excess of 20% of full load persisting for a t  least twice the locked rotor time setting. .< 
<,{ 

9.6.2 Overload 8 
,$ 
.T Thermal overload relays offer good protection against short, medium, and long duration 
1 overloads but may not provide protection against heavy overloads shown in Figure 9.12. q 
1 . . 

~ ~ .- . - - i ' , -. -- -- , - 
I 
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T h e  long t ime induction over-current relays provide good protection against heavy 
overloads bu t  over-protection agalnst light and  medium overloads, as  shown in 
Figure 9.13. Therefore, a combination of both the relays provides adequate protection as 
shown in Figure 9.14. 

Thermai overload 

Inadequate 
protection 

protection 

I Starting time 
, , 

I 4 i > 
Motor current 

Figure 9.12 Thermal overload relays offer good protection against short, medium, and long 
duration overloads. 

Thermai capability 

Long time induction .' OC relay 

Good 
Over- protection 

protection 

rotor time 

I Starting time 
I 1 t 

Motor current 

8 Figure 9.13 Long time induction OC relays offer good protection against heavy overloads. 

A Thermal capab~lity 

Long time induction 
OC relay 

Thermal capability 

rotor time 
- Starting tlme 

J. t 

Motor current 

Figure 9.14 Combination of thermal overload relays and OC relays provides complete 
thermal protection. 
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Resistance temperature detector relays (RTDs) 

These relays operate from one or more RTDs that monitor the temperature of the 
machine winding, motor or load bearings or load case. They are usually applied to large 
motors of 1500 HP and above. 

Figure 9.15 shows an RTD which is embedded in the machine connected to a 
Wheatstone bridge. The arms of the bridge are adjusted so that the bridge is balanced at 
normal temperature. A sensitive relay in the form of a contact making dc galvanometer 
may be connected as a detector. 

~ r n b e d m  in 
machine winding 

Figure 9.16 RTD embedded in the machine connected to a bridge' 
., .. 

The RTD is an excellent indicator of average winding temperature, however, it  is 
influenced by ambient temperature, ventilation conditions and recent loading history. 
Several types of RTDs are available for use in temperature monitoring, namely 
10 0 copper, 100 R nickel, 120 R nickel, 120 R platinum. 

Thermal replica relays 

Replica type relays are designed to replicate, within the relay operating unit, the heating 
characteristics of the machine. Thus, when current from the CT secondary passes 
through the relay, its time over-current characteristic approximately parallels that of the 
machine capability curve at moderate overload. 

The thermal replica relays are recommended when the embedded temperature 
detectors are not available, otherwise the RTD input type relays may be used. 

Replica relays are typically temperature compensated and operate in a fixed time at  
a given current regardless of relay ambient variations. Although this characteristic is 
desirable for the stated condition, it produces under-protection for high motor ambient 
and over-protection for low motor ambient. 
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9.7 Dafa Required for Designing Motor Prokd*on Schemes 

The following data is required for designing the various motor protection schemes: 

H P  rating 
Supply voltage 

Full-load current 
r Permissible continuous allowable temperature rise 

Locked rotor current 
w Permissible maximum time with locked rotor 

w Accelerating time 

Starting voltage 

Review Questions 

1. What are the various abnormal operating conditions from supply side to which an 
induction motor is likely to be subjected? 

2. What are the various abnormal operating conditions from the load (mechanical) 
side to which an induction motor is likely to be subjected? 

3. Why is an induction motor very sensitive to unbalance in supply voltage? 
4. What are the consequences of running an induction motor on unbalanced supply 

voltage? 
5. What are the effects of running an induction motor a t  reduced supply voltage? 
6. Why is protection of an induction motor against reversal of phase sequence 

required? 
7. What kind of protection is provided to an induction motor against overload? 
8. How is the thermal replica relay used to protect the induction motor? 
9. What are the effects of single phasing on the induction motor? 

10. What is the effect of blocked rotor on the motor? What protection is provided 
against blocked rotor? 

11. Why a negative sequence voltage relay cannot detect single phasing between relay 
and motor but can detect single phasing between the supply and the relay? 

12. What data is required for designing a scheme for motor protection? 
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