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* This equation is obtained if we put the values of eq. (ii) in eq. (i).
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As the maximum stress in the layers is the same,

∴ g1max = g2max =  g3max

or 2·28 V1 = 2·12 V2 = 2·04 V3

∴ V2 = (2·28/2·12) V1 = 1·075 V1

and V3 = (2·28/2·04) V1 = 1·117 V1

Now V1 + V2 + V3 = V

or V1 + 1·075 V1 + 1·117 V1 = 53·9
or V1 = 53·9/3·192 = 16·88 kV

and V2 = 1·075 V1 = 1·075 × 16·88 = 18·14 kV
∴ Voltage on first intersheath (i.e., near to the core)

= V − V1 = 53·9 − 16·88 = 37·02 kV
Voltage on second intersheath = V − V1 − V2  = 53·9 − 16·88 − 18·14 = 18·88 kV

Example 11.16.  A single-core 66 kV cable working on 3-phase system has a conductor diam-
eter of 2 cm and a sheath of inside diameter 5.3 cm.  If two intersheaths are introduced in such a way
that the stress varies between the same maximum and minimum in the three layers, find :

(i) positions of intersheaths

(ii) voltage on the intersheaths

(iii) maximum and minimum stress

Solution.

Here, d = 2 cm ; D = 5.3 cm ; V = 
66 2

3
×

 = 53.9 kV

(i) Positions of intersheaths.  Suppose that diameters of intersheaths are d1 and d2 cm respec-
tively.  Let V1, V2 and V3 respectively be the voltage between conductor and intersheath 1, between
intersheath 1 and 2 and between intersheath 2 and outer lead sheath.
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As the maximum stress in the three layers is the same,
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In order that stress may vary between the same maximum and minimum in the three layers, we
have,

d1/d = d2/d1 = D/d2 ...(ii)

∴
V
d
1 =

V
d

V
d
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3

2

= ...*(iii)
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From exp. (ii), we get,

d1
2 = d × d2 = 2d2 [∵ d = 2 cm]

or d2 = d1
2/2

and d1d2 = D × d = 5·3 × 2 = 10.6 cm

or d1 × d1
2/2 = 10·6

or d1 = (21·2)1/3 = 2·76 cm
∴ d2 = d1

2/2 = (2·76)2/2 = 3·8 cm
Hence intersheaths of diameters 2.76 cm and 3.8 cm are required to be used.
(ii) Voltage on intersheaths

V = V1 + V2 + V3

or 53·9 = V1+
d
d
1 V1 + 

d
d
2 V1 [From eq. (iii)]

= V1 1 2 76
2

3 8
2

+ ⋅ + ⋅FH IK  = 4·28 V1

∴ V1 = 53·9/4·28 = 12·6 kV

and V2 =
d
d
1  × V1 = 

2 76
2
.

 × 12·6 = 17·39  kV

Voltage on first intersheath = V − V1 = 53·9 − 12.6 = 41·3 kV max
Voltage on second intersheath = V − V1 − V2 = 53·9 − 12·6 − 17·39 = 23·91 kV max

(iii) Stresses in dielectrics
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kV/cm = 28·35 kV/cm

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS
1. A 33 kV, single-core cable has a conductor diameter of 1 cm and insulation of 1.5 cm.  Find the maxi-

mum and minimum stress in the insulation. [47·62 kV/cm (r.m.s.), 11·9 kV/cm (r.m.s.)]
2. Find the economic size of a single-core cable working on 220 kV, 3-phase system.  The maximum

permissible stress in the dielectric is not to exceed 250 kV/cm. [d = 1·43 cm,  D = 3·88 cm]
3. The inner conductor of a concentric cable has a diameter of 3 cm with insulation of diameter 8·5 cm.

The cable is insulated with two materials having relative permittivities of 5 and 3 with corresponding
safe working stresses of 38 kV/cm and 26 kV/cm.  Calculate the radial thickness of insulating layers and
the safe working voltage of the cable. [2·15 cm, 0.6 cm, 46·1 kV (r.m.s.)]

4. A single-core lead covered cable is to be designed for 66 kV to earth.  Its conductor diameter is 2 cm and
its three insulating materials have permittivities of 5, 4 and 3 respectively with the corresponding maxi-
mum safe working stress of 38 kV/cm (r.m.s.), 26 kV/cm. (r.m.s.) and 20 kV/cm (r.m.s.) respectively.
Find the minimum diameter of lead sheath. [8·3 cm]

5. A single-core 66 kV cable has a conductor diameter of 2 cm and a sheath of inside diameter 5·3 cm. The
cable has an inner layer of 1 cm thick of rubber of dielectric constant 4·5 and the rest impregnated paper
of dielectric constant 3·6.  Find the maximum stress in the rubber and in the paper.

[63 kV/cm, 39·5 kV/cm]
6. A single-core cable working on 66 kV on 3-phase system has a conductor diameter of 2 cm and a sheath

of inside diameter 5·3 cm.  If two intersheaths are used, find the best positions, maximum stress and the
voltage on the intersheaths. [d1= 2·77 cm; d2= 3·84 cm ; 38·7 kV/cm ; V1= 41·1 kV, V2= 23·9 kV]



288 Principles of Power System

11.1411.1411.1411.1411.14     Ca    Ca    Ca    Ca    Capacitance  of  3-Corpacitance  of  3-Corpacitance  of  3-Corpacitance  of  3-Corpacitance  of  3-Core  Cae  Cae  Cae  Cae  Cablesblesblesblesbles

The capacitance of a cable system is much more important than that of overhead line because in
cables (i) conductors are  nearer to each other and to the earthed sheath (ii) they are separated by a
dielectric of permittivity much greater than that of air.  Fig. 11.18 shows a system of capacitances in
a 3-core belted cable used for 3-phase system.  Since potential difference exists between pairs of
conductors and between each conductor and the sheath, electrostatic fields are set up in the cable as
shown in Fig. 11.18 (i).  These electrostatic fields give rise to core-core capacitances Cc and conduc-
tor-earth capacitances Ce as shown in Fig. 11.18 (ii).  The three Cc are delta connected whereas the
three Ce are star connected, the sheath forming the star point [See Fig. 11.18 (iii)].

They lay of a belted cable makes it reason-
able to assume equality of each Cc and each Ce.
The three delta connected capacitances Cc [See
Fig. 11.19 (i)] can be converted into equivalent
star connected capacitances as shown in Fig. 11.19
(ii).  It can be easily *shown that equivalent star-
capacitance Ceq is equal to three times the delta-
capacitance Cc i.e. Ceq = 3Cc.

The system of capacitances shown in Fig.
11.18 (iii) reduces to the equivalent circuit shown in Fig. 11.20 (i).  Therefore, the whole cable is
equivalent to three star-connected capacitors each of capacitance [See Fig. 11.20 (ii)],

* Refer to Fig. 11.19.  The capacitance between any two conductors of star and delta connected system must
be the same.

∴ Cc + 1
2 Cc =

1
2

Ceq

or Ceq = 3Cc
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CN = Ce + Ceq

= Ce + 3Cc

If Vph is the phase voltage, then charging current IC is given by ;

IC =
Vph

Capacitive reactance per phase
= 2 π f Vph CN

= 2 π f Vph (Ce + 3Cc)

11.1511.1511.1511.1511.15   Measur  Measur  Measur  Measur  Measurements  of ements  of ements  of ements  of ements  of  C C C C Ceeeee      and  and  and  and  and  C C C C Cccccc

Although core-core capacitance Cc and core-earth capacitance Ce can be obtained from the empirical
formulas for belted cables, their values can also be determined by measurements.  For this purpose,
the following two measurements are required :

(i) In the first measurement, the three cores are bunched together (i.e. commoned) and the
capacitance is measured between the bunched cores and the sheath.  The bunching elimi-
nates all the three capacitors Cc, leaving the three capacitors Ce in parallel.  Therefore, if C1
is the measured capacitance, this test yields :

C1 = 3 Ce

or Ce =
C1

3
Knowing the value of C1, the value of Ce can be determined.

(ii) In the second measurement, two cores are bunched with the sheath and capacitance is mea-
sured between them and the third core.  This test yields 2Cc + Ce.  If C2 is the measured
capacitance, then,

C2 = 2Cc + Ce

As the value of Ce is known from first test and C2 is found experminentally, therefore, value
of Cc can be determined.

It may be noted here that if value of CN (= Ce + 3Cc) is desired, it can be found directly by another
test.  In this test, the capacitance between two cores or lines is measured with the third core free or
connected to the sheath.  This eliminates one of the capacitors Ce so that if C3 is the measured capaci-
tance, then,

C3 = C
C C

c
c e+ +

2 2

=
1

2
3( )C Ce c+

=
1

2
CN

Example 11.17.  The capacitance per kilometre of a 3-phase belted cable is 0·3 µ F between the
two cores with the third core connected to the lead sheath.  Calculate the charging current taken by
five kilometres of this cable when connected to a 3-phase, 50 Hz, 11 kV supply.

Solution.  The capacitance between a pair of cores with third core earthed for a length of 5 km is
C3 = 0·3 × 5 = 1·5 µ F

Vph =
11 10

3

3×
 = 6351 V ;  f = 50 Hz

As proved in Art 11.15, core to neutral capacitance CN of this cable is given by :
CN = 2C3 = 2 × 1·5 = 3 µF
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∴ Charging current, IC = 2 π f Vph CN

= 2 π × 50 × 6351 × 3 × 10−6 A = 5·98 A
Example 11.18.  The capacitances of a 3-phase belted cable are 12·6 µF between the three

cores bunched together and the lead sheath and 7·4 µF between one core and the other two con-
nected to sheath.  Find the charging current drawn by the cable when connected to 66 kV, 50 Hz
supply.

Solution.

Here, Vph = 
66 10

3

3×
 = 38105 V  ;   f = 50 Hz ;  C1 = 12·6 µF ;  C2 = 7·4 µF

Let core-core and core-earth capacitances of the cable be Cc and Ce respectively.  As proved in
Art. 11.15,

C1 = 3 Ce

∴ Ce = C1/3 = 12·6/3 = 4·2 µF
and C2 = 2Cc + Ce

∴ Cc = C Ce2

2

7 4 4 2

2

− = ⋅ − ⋅  = 1·6 µF

∴ Core to neutral capacitance is
CN = Ce + 3Cc = 4·2 + 3 × 1·6 = 9 µF

Charging current, IC = 2 π f Vph CN

= 2 π × 50 × 38105 × 9 × 10−6 A = 107·74 A
Example 11.19.  The capacitance per kilometre of a 3-phase belted cable is 0·18 µF between

two cores with the third core connected to sheath.  Calculate the kVA taken by 20 km long cable when
connected to 3-phase, 50 Hz, 3300 V supply.

Solution.  The capacitance between a pair of cores with third core earthed for a length of 20 km is

C3 = 0·18 × 20 = 3·6 µF,  Vph = 3300 3  = 1905 V ;   f = 50 Hz

Core to neutral capacitance,CN = 2C3 = 2 × 3·6 = 7·2 µF
Charging current, IC = 2 π f Vph CN

= 2 π × 50 × 1905 × 7·2 × 10−6 A  = 4·3 A

kVA taken by the cable = 3 Vph IC = 3 × 1905 × 4·3 × 10−3 kVA = 24·57 kVA

TUTORIAL   PROBLEMSTUTORIAL   PROBLEMSTUTORIAL   PROBLEMSTUTORIAL   PROBLEMSTUTORIAL   PROBLEMS
1. The capacitances per kilometre of a 3-phase cable are 0·63 µF between the three cores bunched together

and the sheath and 0·37 µF between one core and the other two connected to the sheath.  Calculate the
charging current taken by eight kilometres of this cable when connected to a 3-phase, 50 Hz, 6600 V
supply. [4·31 A]

2. The capacitances of a 3-core belted type cable are measured as detailed below :

(i) Between three cores bunched together and sheath is 8 µF

(ii) Between a conductor and the other two connected to the sheath together is 6 µF.

Calculate the capacitance per phase. [23/3 µµµµµF]
3. A 3-core, 3-phase belted cable tested for capacitance between a pair of cores on single phase, with the

third core earthed, gave a capacitance of 0·4 µF per km. Calculate the charging current for 15 km length
of this cable when connected to 22 kV, 3-phase, 50 Hz supply. [48 A]

11.1611.1611.1611.1611.16    Current-Carrying  Capacity  of  Underground Cables   Current-Carrying  Capacity  of  Underground Cables   Current-Carrying  Capacity  of  Underground Cables   Current-Carrying  Capacity  of  Underground Cables   Current-Carrying  Capacity  of  Underground Cables

The safe current-carrying capacity of an underground cable is determined by the maximum permis-
sible temperature rise.  The cause of temperature rise is the losses that occur in a cable which appear
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as heat.  These losses are :
(i) Copper losses in the conductors

(ii) Hysteresis losses in the dielectric

(iii) Eddy current losses in the sheath
The safe working conductor temperature  is 65ºC for armoured cables and 50ºC for lead-sheathed

cables laid in ducts.  The maximum steady temperature conditions prevail when the heat generated in
the cable is equal to the heat dissipated.  The heat dissipation of the conductor losses is by conduction
through the insulation to the sheath from which the total losses (including dielectric and sheath losses)
may be conducted to the earth.  Therefore, in order to find permissible current loading, the thermal
resistivities of the insulation, the protective covering and the soil must be  known.

11.1711.1711.1711.1711.17    Thermal  Resistance   Thermal  Resistance   Thermal  Resistance   Thermal  Resistance   Thermal  Resistance

The thermal resistance between two points in a medium (e.g. insulation) is equal to temperature
difference between these points divided by the heat flowing between them in a unit time i.e.

Thermal resistance, S =
Temperature difference

Heat flowing in a unit time
In SI units, heat flowing in a unit time is measured in watts.

∴ Thermal resistance, S =
Temperature rise ( )

Watts dissipated

t

P( )

or S = t
P

Clearly, the SI unit of thermal resistance is ºC per watt.  This is also called thermal ohm.

Like electrical resistance, thermal resistance is directly  proportional to length l in the direction
of transmission of heat and inversely proportional to the cross-section area a at right angles to that
direction.

∴ S ∝ l

a

or S = k
l

a
where k is the constant of proportionality and is known as thermal resistivity.

k =
S a

l

∴ Unit of k =
Thermal ohm × m

m

2

 =   thermal ohm-metre

11.1811.1811.1811.1811.18   Thermal Resistance of  Dielectric  of  a  Single-Core  Cable  Thermal Resistance of  Dielectric  of  a  Single-Core  Cable  Thermal Resistance of  Dielectric  of  a  Single-Core  Cable  Thermal Resistance of  Dielectric  of  a  Single-Core  Cable  Thermal Resistance of  Dielectric  of  a  Single-Core  Cable

Let us now find the thermal resistance of the dielectric of a single-core cable.
Let r = radius of the core in metre

r1 = inside radius of the sheath in metre
k = thermal resistivity of the insulation (i.e. dielectric)

Consider1m length of the cable.  The thermal resistance of small ele-
ment of thickness dx at radius x is (See Fig. 11.21)

dS = k × 
dx

x2 π
∴  Thermal resistance of the dielectric is
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S = k
dx

xr

r
×z 2

1

π

= k

x
dx

r

r

2

11

π z
∴ S =

k r

re2
1

π
log  thermal ohms per metre length of the cable

The thermal resistance of lead sheath is small and is generally neglected in calculations.

11.1911.1911.1911.1911.19  Permissible  Current  Loading Permissible  Current  Loading Permissible  Current  Loading Permissible  Current  Loading Permissible  Current  Loading

When considering heat dissipation in underground cables, the various thermal resistances providing
a heat dissipation path are in series.  Therefore, they add up like electrical resistances in series.
Consider a cable laid in soil.

Let I = permissible current per conductor

n = number of conductors

R = electrical resistance per metre length of the conductor at the working temperature

S = total thermal resistance (i.e. sum of thermal resistances of dielectric and soil) per
metre length

t = temperature difference (rise) between the conductor and the soil

Neglecting the dielectric and sheath losses, we have,

Power dissipated = n I2 R

Now Power dissipated =
Temperature rise

Thermal resistance

or n I2 R =
t

S
∴  Permissible current per conductor in given by;

I =
t

n R S

It should be noted that when cables are laid in proximity to each other, the permissible current is
reduced further on account of mutual heating.

Example 11.20.  A single-core cable is laid in the ground, the core diameter being 30 mm and
the dielectric thickness 40 mm.  The thermal resistivity of the dielectric is 5 thermal ohm-metres and
the thermal resistance between the sheath and the ground surface is 0·45 thermal ohm per metre
length  of the cable.  Neglecting dielectric and sheath losses, estimate the maximum permissible
current loading if the temperature difference between the conductor and the ground surface is not to
exceed 55ºC.  The electrical resistance of the cable is 110 µΩ per metre length.

Solution.  Thermal resistance of the dielectric of the cable is

S1 =
k r

re2
1

π
log  thermal-ohms per metre length of cable

Here k = 5 thermal ohm-metres; r = 30/2 = 15 mm; r1 = 15 + 40 = 55 mm

∴ S1 =
5

2

55

15π
loge  = 1·03 thermal ohms per metre length

Thermal resistance of soil, S2 = 0·45 thermal ohm per metre  length (given)

∴  Total thermal resistance, S = S1 + S2 = 1·03 + 0·45 = 1·48 thermal ohm per metre length
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Now I =
t

n R S  
Here t = 55ºC ; n = 1, R = 110 × 10−6 Ω ; S = 1·48

∴ I = 55

1 110 10 1 486× × × ⋅−
 = 581 A

11.2011.2011.2011.2011.20  T T T T Types of Cable Faultsypes of Cable Faultsypes of Cable Faultsypes of Cable Faultsypes of Cable Faults

Cables are generally laid directly in the ground or in ducts in the underground distribution system.
For this reason, there are little chances of faults in underground cables.  However, if a fault does
occur, it is difficult to locate and repair the fault because conductors are not visible.  Nevertheless, the
following are the faults most likely to occur in underground cables :

(i) Open-circuit fault
(ii) Short-circuit fault

(iii) Earth fault.

(i) Open-circuit fault.  When there is a break in the conductor of a cable, it is called open-
circuit fault.  The open-circuit fault can be checked by a megger.  For this purpose, the three
conductors of the 3-core cable at the far end are shorted and earthed.  Then resistance be-
tween each conductor and earth is measured by a megger.  The megger will indicate zero
resistance in the circuit of the conductor that is not broken.  However, if the conductor is
broken, the megger will indicate infinite resistance in its circuit.

(ii) Short-circuit fault.  When two conductors of a multi-core cable come in electrical contact
with each other due to insulation failure, it is called a short-circuit fault.  Again, we can seek
the help of a megger to check this fault.  For this purpose, the two terminals of the megger
are connected to any two conductors.  If the megger gives zero reading, it indicates short-
circuit fault between these conductors.  The same step is repeated for other conductors
taking two at a time.

(iii) Earth fault.  When the conductor of a cable comes in contact with earth, it is called earth
fault or ground fault. To identify this fault,  one terminal of the megger is connected to the
conductor and the other terminal connected to earth.  If the megger indicates zero reading, it
means the conductor is earthed.  The same procedure  is repeated for other conductors of the
cable.

11.2111.2111.2111.2111.21 Loop TLoop TLoop TLoop TLoop Tests For Location of  Faults  in  Underests For Location of  Faults  in  Underests For Location of  Faults  in  Underests For Location of  Faults  in  Underests For Location of  Faults  in  Undergrgrgrgrground  Cablesound  Cablesound  Cablesound  Cablesound  Cables

There are several methods for locating the faults in underground cables.  However, two popular
methods known as loop tests are :

(i) Murray loop test

(ii) Varley loop test
These simple tests can be used to locate the earth fault or short-circuit fault in underground

cables provided that a sound cable runs along the faulty cable.  Both these tests employ the principle
of Wheatstone bridge for fault location.

11.2211.2211.2211.2211.22    Murray  Loop  T   Murray  Loop  T   Murray  Loop  T   Murray  Loop  T   Murray  Loop  Testestestestest

The Murray loop test is the most common and accurate method of locating earth fault or short-circuit
fault in underground cables.

(i) Earth fault :  Fig. 11.22 shows the circuit diagram for locating the earth fault by Murray
loop test.  Here A B is the sound cable and CD is the faulty cable; the earth fault occuring at point F.
The far end D of the faulty cable is joined to the far end B of the sound cable through a low resistance
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link.  Two variable resistances P and Q are joined to ends A  and C (See Fig. 11.22) respectively and
serve as the ratio arms of the Wheatstone bridge.

Let R = resistance of the conductor loop upto the fault from  the test end
X = resistance of the other length of the loop

Note that P, Q, R and X  are the four arms of the Wheatstone bridge.  The resistances P and Q are
varied till the galvanometer indicates zero deflection.

In the balanced position of the  bridge, we have,

P

Q
=

R

X

or
P

Q
+1 =

R

X
+1

or
P Q

Q

+
=

R X

X

+

If r is the resistance of each cable, then R + X  = 2r.

∴
P Q

Q

+
=

2r
X

or X =
Q

P Q
r

+
× 2

If l is the length of each cable in metres, then resistance per metre length of cable = 
r

l
.

∴ Distance of fault point from test end is

d =
X

r l

Q

P Q
r

l

r

Q

P Q
l

/
=

+
× × =

+
×2 2

or d =
Q

P Q+
 × (loop length)  *metres

Thus the position of the fault is located.  Note that resistance of the fault is in the battery circuit
and not in the bridge circuit.  Therefore, fault resistance does not affect the balancing of the bridge.
However, if the fault resistance is high, the sensitivity of the bridge is reduced.

* Note that the term Q/ P + Q is dimensionless ; being the ratio of resistances.
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(ii) Short-circuit fault :  Fig. 11.23 shows the circuit diagram for locating the short-circuit
fault by Murray loop test.  Again P, Q, R and X  are the four arms of the bridge.  Note that fault
resistance is in the battery circuit and not in the bridge circuit.  The bridge in balanced by adjusting
the resistances P and Q.  In the balanced position of the bridge :

P

Q
=

R

X

or
P Q

Q

+
=  

R X

X

r

X

+ = 2

∴ X =
Q

P Q
r

+
× 2

or X = Q

P Q+
 × (loop length)  metres

Thus the position of the fault is located.

11.2311.2311.2311.2311.23  V V V V Varley Loop Tarley Loop Tarley Loop Tarley Loop Tarley Loop Testestestestest

The Varley loop test is also used to locate earth fault or short-circuit fault in underground cables.
This test also employs Wheatstone bridge principle.  It differs from Murray loop test in that here the
ratio arms P and Q are fixed resistances.  Balance is obtained by adjusting the variable resistance S
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connected to the test end of the faulty cable.  The connection diagrams for locating the earth fault and
short-circuit fault by Varley loop test are shown in Figs. 11.24 and 11.25 respectively.

For earth fault or short-circuit fault, the key K2 is first thrown to position 1.  The variable
resistance S is varied till the bridge is balanced for resistance value of S1.  Then,

P

Q
=

R

X S+ 1

or
P Q

Q

+
=

R X S

X S

+ +
+

1

1

or X =
Q R X PS

P Q

( )+ −
+

1 ...(i)

Now key K2 is thrown to position 2 (for earth fault or short-circuit fault) and bridge is balanced
with new value of resistance S2.  Then,

P

Q
=

R X

S

+

2

or (R + X ) Q = PS2 ...(ii)
From eqs. (i) and (ii), we get,

X =
P S S

P Q

( )2 1−
+

Since the values of P, Q, S1 and S2 are known, the value of X  can be determined.

Loop resistance = R + X  = 
P

Q
S2

If r is the resistance of the cable per metre length, then,
Distance of fault from the test end is

d =
X

r
 metres

Example 11.21.  Murray loop test is performed on a faulty cable 300 m long.  At balance, the
resistance connected to the faulty core was set at 15 Ω and the resistance of the resistor connected to
the sound core was 45 Ω.  Calculate the distance of the fault point from the test end.
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Solution.
Distance of the fault point from test end is

d =
Q

P Q+
× loop length

Here Q = 15 Ω;  P = 45 Ω;  loop length = 2 ×  300 = 600 m

∴ d =
15

45 15
600

+
×  = 150 m

Example 11.22.  In a  test by Murray loop for ground fault on 500 m of cable having a resis-
tance of 1·6 Ω/km, the faulty cable is looped with a sound cable of the same length and area of cross-
section.  If the ratio  of the other two arms of the testing network at balance is 3 : 1, find the distance
of the fault from the testing end of cables.

Solution.

P

Q
= 3 or

P Q

Q

+
 = 4

Distance of fault from test end is

d =
Q

P Q+
 × loop length = 

1

4
 × (2 × 500) = 250 m

Example 11.23.  In a test for a fault to earth on a 500 m length of cable having a resistance of
1 Ω per 1000 m, the faulty cable is looped with a sound cable of the same length but having a
resistance of 2·25 Ω per 1000 m.  The resistance of the other two arms of the testing network at
balance are in the ratio 2·75 : 1.  Calculate the distance of the fault from the testing end of the cable.

Solution.
P

Q
= 2·75 or

P Q

Q

+
 = 2·75 + 1 = 3·75

Resistance of loop =
1

1000
500

2 25

1000
500× + ⋅ ×  = 1·625 Ω

Resistance of faulty cable from test end upto fault point is

X =
Q

P Q+
 × (loop resistance) = 

1

3 75
1 625

⋅
× ⋅  = 0·433 Ω

Distance of fault point from the testing end is

d =
X

1 1000/
 = 0·433 × 1000 = 433 m

Example 11.24.  Varley loop test is performed to locate an earth fault on a 20 km long cable.
The resistance per km of the single conductor is 20 Ω.  The loop is completed with a similar healthy
conductor.  At balance, the variable resistance connected to the faulty conductor is 200 Ω.  The fixed
resistors have equal values.  Calcualte the distance of the fault from the test end.

Solution.
Resistance of faulty cable from test end to fault point is

X =
Q R X PS

P Q

( )+ −
+

Here P = Q;  S = 200 Ω;  R + X  = 20 (20 + 20) = 800 Ω

∴ X =
Q Q

Q Q

( )800 200− ×
+

 = 300 Ω

The resistance per km = 20 Ω
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∴  Distance of fault from test end is

d =
X

20

300

20
= = 15 km

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS
1. The Murray loop test is used to locate an earth fault on one core of a two-core cable.  The other core is

used to complete the loop.  When the network is balanced, the resistance connected to the faulty core has
a value of 3·2 Ω.   The other resistance arm has a value of 11·8 Ω.  The fault is 42·7 m from the test end.
Find the length of the cable. [100 m]

2. Murray loop test is performed to locate an earth fault on one core of a 2-core cable 100 m long.  The
other core is healthy and used to form the loop.  At balance, the resistance connected to the faulty core
was 4 Ω.  The other resistance arm has a value of 16 Ω.  Calculate the distance of the fault from the test
end. [40 m]

3. The Varley loop test is used to find the position of an earth fault on a line of length 40 km.  The
resistance/km of a single line is 28 Ω.  The fixed resistors have resistances of 250 Ω each.  The fault is
calculated to be 7 km from the test end.  To what value of resistance was the variable resistor set?

[1848 ΩΩΩΩΩ]

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures.
(i) The underground system is ................ costly than the equivalent overhead line system.

(ii) Voltage drop in cable system is less than that of equivalent overhead line because of ................ of
conductors in a cable.

(iii) A metallic sheath is provided over the insulation to protect the cable from .................... .

(iv) In single-core cables, armouring is not done in order to avoid ...................

(v) The most commonly used insulation in high-voltage cables is ............

(vi) Belted cables are generally used upto ...................... kV.

(vii) The working voltage level of belted cable is limited to 22 kV because of the ................. set up in the
dielectric.

(viii) For voltages beyond 66 kV, solid type cables are unreliable because there is a danger of breakdown
of insulation due to the .......................

(ix) If the length of a cable increases, its insulation resistance ................ .

(x) Under operating conditions, the maximum stress in a cable is at .................

2. Fill in the blanks by picking up correct words/figures from brackets.
(i) For voltages less than 66 kV, a 3-phase cable usually consists of ...............

[3-core cable, 3 single-core cables]

(ii) If the length of a cable is doubled, its capacitance is .................. [doubled, halved, quadrupled]

(iii) A certain cable has an insulation of relative permittivity 2.  If the insulation is replaced by one of
relative permittivity 4, then capacitance of cable is .................. [doubled, halved]

(iv) The minimum dielectric stress in a cable is at .................. [conductor surface, lead sheath]

(v) If a cable of homogeneous insulation has maximum stress of 5 kV/mm, then the dielectric strength
of insulation should be.................. [5-kV/mm, 2·5 kV/mm, 3 kV/mm]

(vi) In capacitance grading of cables, we use a ............... dielectric. [homogeneous, composite]

(vii) For the same safe potential, the size of a graded cable will be ......... [less, more]

(viii) For operating voltages beyond 66 kV, ..................... cables are used. [Belted, S.L. type, oil-filled]

(ix) Voids in the layers of impregnated paper insualtion ................. the breakdown voltage of the cable.

[increase, decrease]

(x) For voltages beyond 66 kV, 3-phase system usually employs..................

[3-core cable, 3 single core cables]
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ANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TEST

1. (i) more   (ii) closer spacing   (iii) moisture   (iv) excessive sheath losses   (v) impregnated paper   (vi) 11
(vii) tangential stresses    (viii) presence of voids   (ix) decreases   (x) conductor surface

2. (i) 3-core cable   (ii) doubled   (iii) doubled   (iv) lead sheath   (v) 5 kV/mm   (vi) composite   (vii) less
(viii) oil-filled   (ix) decrease   (x) 3 single-core cables

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. Compare the merits and demerits of underground system versus overhead system.
2. With a neat diagram, show the various parts of a high voltage single-core cable.
3. What should be the desirable characteristics of insulating materials used in cables ?
4. Describe briefly some commonly used insulating materials for cables.
5. What is the most general criterion for the classification of cables ?  Draw the sketch of a single-core low

tension cable and label the various parts.
6. Draw a neat sketch of the cross-section of the following :

(i) 3-core belted cable
(ii) H-type cable

(iii) S.L. type cable
7. What are the limitations of solid type cables ?  How are these overcome in pressure cables ?
8. Write a brief note on oil-filled cables.
9. Describe the various methods of laying underground cables.  What are the relative advantages and

disadvantages of each method ?
10. Derive an expression for the insulation resistance of a single-core cable.
11. Deduce an expression for the capacitance of a single-core cable.
12. Show that maximum stress in a single-core cable is

2V
d D delog /

where V  is the operating voltage and d and D are the conductor and sheath diameter.
13. Prove that gmax/gmin in a single-core cable is equal to D/d.
14. Find an expression for the most economical conductor size of a single core cable.
15. Explain the following methods of cable grading :

(i) Capacitance grading
(ii) Intersheath grading

16. Write short notes on the following :
(i) Laying of 11 kV underground power cable

(ii) Capacitance grading in cables
(iii) Capacitance of 3-core belted cables

17. Derive an expression for the thermal resistance of dielectric of a single-core cable.
18. What do you mean by permissible current loading of an underground cable ?
19. With a neat diagram, describe Murray loop test for the location of (i) earth fault (ii) short-circuit fault in

an underground cable.
20. Describe Varley loop test for the location of earth fault and short-circuit fault in an underground cable.

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. Overhead system can be operated at 400 kV or above but underground system offers problems at such
voltages.  Why ?

2. Why are VIR cables preferred to paper insulated cables for smaller installations ?
3. Why do we use 3 single-core cables and not 3-core cables for voltages beyond 66 kV ?
4. What is the mechanism of breakdown of an underground cable ?
5. How do voids in the insulation cause breakdown of the cable ?
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Distribution Systems – General

12.1 Distribution System

12.2 Classification of Distribution Systems

12.3 A.C. Distribution

12.4 D.C. Distribution

12.5 Methods of Obtaining 3-Wire D.C.
System

12.6 Overhead Versus Underground
System

12.7 Connection Schemes of Distribution
System

12.8 Requirements of a Distribution System

12.9 Design Considerations in Distribution
System

IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

The electrical energy produced at the gen
erating station is conveyed to the consum
ers through a network of transmission and

distribution systems.  It is often difficult to draw
a line between the transmission and distribution
systems of a large power system.  It is impossible
to distinguish the two merely by their voltage
because what was considered as a high voltage a
few years ago is now considered as a low volt-
age.  In general, distribution system is that part
of power system which distributes power to the
consumers for utilisation.

The transmission and distribution systems are
similar to man’s circulatory system.  The trans-
mission system may be compared with arteries in
the human body and distribution system with cap-
illaries.  They serve the same purpose of supply-
ing the ultimate consumer in the city with the life-
giving blood of civilisation–electricity.  In this
chapter, we shall confine our attention to the gen-
eral introduction to distribution system.

12.112.112.112.112.1  Distribution  System Distribution  System Distribution  System Distribution  System Distribution  System

That part of power system which distributes elec-
tric power for local use is known as distribution
system.
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In general, the distribution system is the electrical system between the sub-station fed by the
transmission system and the consumers meters.  It generally consists of feeders, distributors and the
service mains.  Fig. 12.1 shows the single line diagram of a typical low tension distribution system.

(i) Feeders.  A feeder is a conductor which connects the sub-station (or localised generating
station) to the area where power is to be distributed.  Generally, no tappings are taken from the feeder
so that current in it remains the same throughout.  The main consideration in the design of a feeder is
the current carrying capacity.

(ii) Distributor.  A distributor is a conductor from which tappings are taken for supply to the
consumers.  In Fig. 12.1, A B, BC, CD and DA are the distributors.  The current through a distributor
is not constant because tappings are taken at various places along its length.  While designing a
distributor, voltage drop along its length is the main consideration since the statutory limit of voltage
variations is ± 6% of rated value at the consumers’ terminals.

(iii) Service mains.  A service mains is generally a small cable which connects the distributor to
the consumers’ terminals.

12.212.212.212.212.2     Classification  of  Distribution  Systems    Classification  of  Distribution  Systems    Classification  of  Distribution  Systems    Classification  of  Distribution  Systems    Classification  of  Distribution  Systems

A distribution system may be classified according to ;
(i) Nature of current.  According to nature of current, distribution system may be classified as

(a) d.c. distribution system (b) a.c. distribution system.
Now-a-days, a.c. system is universally adopted for distri-
bution of electric power as it is simpler and more economi-
cal than direct current method.

(ii) Type of construction.  According to type of construction,
distribution system may be classified as (a) overhead sys-
tem (b) underground system.  The overhead system is gen-
erally employed for distribution as it is 5 to 10 times cheaper
than the equivalent underground system.  In general, the
underground system is used at places where overhead con-
struction is impracticable or prohibited by the local laws.

(iii) Scheme of connection.  According to scheme of connec-
tion, the distribution system may be classified as (a) radial
system (b) ring main system (c) inter-connected system.
Each scheme has its own advantages and disadvantages and those are discussed in Art.12.7.

12.312.312.312.312.3   A.C. Distribution  A.C. Distribution  A.C. Distribution  A.C. Distribution  A.C. Distribution

Now-a-days electrical energy is generated, transmitted and distributed in the form of alternating cur-
rent.  One important reason for the widespread use of alternating current in preference to direct
current is the fact that alternating voltage can be conveniently changed in magnitude by means of a
transformer.  Transformer has made it possible to transmit a.c. power at high voltage and utilise it at
a safe potential.  High transmission and distribution voltages have greatly reduced the current in the
conductors and the resulting line losses.

There is no definite line between transmission and distribution according to voltage or bulk
capacity.  However, in general, the a.c. distribution system is the electrical system between the step-
down substation fed by the transmission system and the consumers’ meters.  The a.c. distribution
system is classified into (i) primary distribution system and (ii) secondary distribution system.

(i) Primary distribution system.  It is that part of a.c. distribution system which operates at
voltages somewhat higher than general utilisation and handles large blocks of electrical
energy than the average low-voltage consumer uses.  The voltage used for primary distribu-
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tion depends upon the amount of power to be conveyed and the distance of the substation
required to be fed.  The most commonly used primary distribution voltages are 11 kV, 6·6
kV and 3·3 kV.  Due to economic considerations, primary distribution is carried out by 3-
phase, 3-wire system.

Fig. 12.2 shows a typical primary distribution system.  Electric power from the generating station
is transmitted at high voltage to the substation located in or near the city.  At this substation, voltage
is stepped down to 11 kV with the help of step-down transformer.  Power is supplied to various
substations for distribution or to big consumers at this voltage.  This forms the high voltage distribu-
tion or primary distribution.

(ii) Secondary distribution system.  It is that part of a.c. distribution system which includes the
range of voltages at which the ultimate consumer utilises the electrical energy delivered to
him.  The secondary distribution employs 400/230 V, 3-phase, 4-wire system.

Fig. 12.3 shows a typical secondary distribution system.  The primary distribution circuit deliv-
ers power to various substa-
tions, called distribution sub-
stations.  The substations are
situated near the consumers’
localities and contain step-
down transformers.  At each
distribution substation, the
voltage is stepped down to 400
V and power is delivered by
3-phase,4-wire a.c. system.
The voltage between any two
phases is 400 V and between
any phase and neutral is 230
V.  The single phase domestic
loads are connected between
any one phase and the neutral,
whereas 3-phase 400 V motor
loads are connected across 3-
phase lines directly.

Power   transformer
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12.412.412.412.412.4  D.C. Distribution D.C. Distribution D.C. Distribution D.C. Distribution D.C. Distribution

It is a common knowledge that electric power is almost exclusively generated, transmitted and dis-
tributed as a.c.  However, for certain applications, d.c. supply is absolutely necessary.  For instance,
d.c. supply is required for the operation of variable speed machinery (i.e., d.c. motors), for electro-
chemical work and for congested areas where storage battery reserves are necessary.  For this pur-
pose, a.c. power is converted into d.c. power at the substation by using converting machinery e.g.,
mercury arc rectifiers, rotary converters and motor-generator sets.  The d.c. supply from the substa-
tion may be obtained in the form of (i) 2-wire or (ii) 3-wire for distribution.

(i) 2-wire d.c. system.  As the name implies, this system of distribution consists of two wires.
One is the outgoing or positive wire and the other is the return or negative wire.  The loads such as
lamps, motors etc. are connected in parallel between the two wires as shown in Fig. 12.4.  This system
is never used for transmission purposes due to low efficiency but may be employed for distribution of
d.c. power.
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(ii) 3-wire d.c. system.  It consists of two outers and a middle or neutral wire which is earthed at
the substation.  The voltage between the outers is twice the voltage between either outer and neutral
wire as shown in Fig. 12.5.  The principal advantage of this system is that it makes available two
voltages at the consumer terminals viz., V  between any outer and the neutral and 2V between the
outers.  Loads requiring high voltage (e.g., motors) are connected across the outers, whereas lamps
and heating circuits requiring less voltage are connected between either outer and the neutral.  The
methods of obtaining 3-wire system are discussed in the following article.

12.512.512.512.512.5 Methods  of  Obtaining 3-wirMethods  of  Obtaining 3-wirMethods  of  Obtaining 3-wirMethods  of  Obtaining 3-wirMethods  of  Obtaining 3-wire  D.C.  Systeme  D.C.  Systeme  D.C.  Systeme  D.C.  Systeme  D.C.  System

There are several methods of obtaining 3-wire d.c. system.  However, the most important ones are:
(i) Two generator method.  In this method, two shunt wound d.c. generators G1 and G2 are

connected in series and the neutral is obtained from the common point between generators
as shown in Fig. 12.6 (i).  Each generator supplies the load on its own side.  Thus generator
G1 supplies a load current of I1, whereas generator G2 supplies a load current of I2.  The
difference of load currents on the two sides, known as out of balance current (I1 − I2) flows
through the neutral wire.  The principal disadvantage of this method is that two separate
generators are required.

(ii) 3-wire d.c. generator.  The above method is costly on account of the necessity of two gen-
erators.  For this reason, 3-wire d.c.
generator was developed as shown in
Fig. 12.6 (ii).  It consists of a standard
2-wire machine with one or two coils
of high reactance and low resistance,
connected permanently to diametri-
cally opposite points of the armature
winding.  The neutral wire is obtained
from the common point as shown.

(iii) Balancer set.  The 3-wire system can
be obtained from 2-wire d.c. system by
the use of balancer set as shown in Fig.
12.7.  G is the main 2-wire d.c. gen-
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erator and supplies power to the whole system.  The balancer set consists of two identical d.c
shunt machines A  and B coupled mechanically with their armatures and field windings joined
in series across the outers.  The junction of their armatures is earthed and neutral wire is
taken out from here.  The balancer set has the additional advantage that it maintains the
potential difference on two sides of neutral equal to each other.  This method is discussed in
detail in the next chapter.

12.612.612.612.612.6    Over   Over   Over   Over   Overhead  Vhead  Vhead  Vhead  Vhead  Versus  Underersus  Underersus  Underersus  Underersus  Undergrgrgrgrground  Systemound  Systemound  Systemound  Systemound  System

The distribution system can be overhead or underground.  Overhead lines are generally mounted on
wooden, concrete or steel poles which are arranged to carry distribution transformers in addition to
the conductors.  The underground system uses conduits, cables and manholes under the surface of
streets and sidewalks.  The choice between overhead and underground system depends upon a num-
ber of widely differing factors.  Therefore, it is desirable to make a comparison between the two.

(i) Public safety.  The underground system is more safe than overhead system because all dis-
tribution wiring is placed underground and there are little chances of any hazard.

(ii) Initial cost.  The underground system is more expensive due to the high cost of trenching,
conduits, cables, manholes and other special equipment.  The initial cost of an underground
system may be five to ten times than that of an overhead system.

(iii) Flexibility.  The overhead system is much more flexible than the underground system.  In the
latter case, manholes, duct lines etc., are permanently placed once installed and the load
expansion can only be met by laying new lines.  However, on an overhead system, poles,
wires, transformers etc., can be easily shifted to meet the changes in load conditions.

(iv) Faults.  The chances of faults in underground system are very rare as the cables are laid
underground and are generally provided with better insulation.

(v) Appearance.  The general appearance of an underground system is better as all the distribu-
tion lines are invisible.  This factor is exerting considerable public pressure on electric
supply companies to switch over to underground system.

(vi) Fault location and repairs.  In general, there are little chances of faults in an underground
system.  However, if a fault does occur, it is difficult to locate and repair on this system.  On
an overhead system, the conductors are visible and easily accessible so that fault locations
and repairs can be easily made.

(vii) Current carrying capacity and voltage drop.  An overhead distribution conductor has a
considerably higher current carrying capacity than an underground cable conductor of the
same material and cross-section.  On the other hand, underground cable conductor has much
lower inductive reactance than that of an overhead conductor because of closer spacing of
conductors.

(viii) Useful life.  The useful life of underground system is much longer than that of an overhead
system.  An overhead system may have a useful life of 25 years, whereas an underground
system may have a useful life of more than 50 years.

(ix) Maintenance cost.  The maintenance cost of underground system is very low as compared
with that of overhead system because of less chances of faults and service interruptions from
wind, ice, lightning as well as from traffic hazards.

(x) Interference with communication circuits.  An overhead system causes electromagnetic in-
terference with the telephone lines.  The power line currents are superimposed on speech
currents, resulting in the potential of the communication channel being raised to an undesir-
able level.  However, there is no such interference with the underground system.

It is clear from the above comparison that each system has its own advantages and disadvan-
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tages.  However, comparative economics (i.e., annual cost of operation) is the most powerful factor
influencing the choice between underground and overhead system.  The greater capital cost of under-
ground system prohibits its use for distribution.  But sometimes non-economic factors (e.g., general
appearance, public safety etc.) exert considerable influence on choosing underground system.  In
general, overhead system is adopted for distribution and the use of underground system is made only
where overhead construction is impracticable or prohibited by local laws.

12.712.712.712.712.7 Connection  Schemes  of  Distribution  SystemConnection  Schemes  of  Distribution  SystemConnection  Schemes  of  Distribution  SystemConnection  Schemes  of  Distribution  SystemConnection  Schemes  of  Distribution  System

All distribution of electrical energy is done by constant voltage system.  In practice, the following
distribution circuits are generally used :

(i) Radial System.  In this system, separate feeders radiate from a single substation and feed
the distributors at one end only.  Fig. 12.8 (i) shows a single line diagram of a radial system
for d.c. distribution where a feeder OC supplies a distributor A B at point A .  Obviously, the
distributor is fed at one end only i.e., point A  is this case.  Fig. 12.8 (ii) shows a single line
diagram of radial system for a.c. distribution.  The radial system is employed only when
power is generated at low voltage and the substation is located at the centre of the load.

This is the simplest distribution circuit and has the lowest initial cost.  However, it suffers from
the following drawbacks :

(a) The end of the distributor nearest to the feeding point will be heavily loaded.

(b) The consumers are dependent on a single feeder and single distributor.  Therefore, any fault
on the feeder or distributor cuts off supply to the consumers who are on the side of the fault away from
the substation.

(c) The consumers at the distant end of the distributor would be subjected to serious voltage
fluctuations when the load on the distributor changes.

Due to these limitations, this system is used for short distances only.

(ii) Ring main system.  In this system, the primaries of distribution transformers form a loop.
The loop circuit starts from the substation bus-bars, makes a loop through the area to be
served, and returns to the substation.  Fig. 12.9 shows the single line diagram of ring main
system for a.c. distribution where substation supplies to the closed feeder LMNOPQRS.
The distributors are tapped from different points M, O and Q of the feeder through distribu-
tion transformers.  The ring main system has the following advantages :
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(a) There are less voltage fluctuations at consumer’s terminals.
(b) The system is very reliable as each distributor is fed via *two feeders.  In the event of fault

on any section of the feeder, the continuity of supply is maintained.  For example, suppose
that fault occurs at any point F of section SLM of the feeder.  Then section SLM of the
feeder can be isolated for repairs and at the same time continuity of supply is maintained to
all the consumers via the feeder SRQPONM.

(iii) Interconnected system.  When the feeder ring is energised by two or more than two gener-
ating stations or substations, it is called inter-connected system.  Fig. 12.10 shows the single
line diagram of interconnected system where the closed feeder ring  ABCD is supplied by
two substations S1 and S2 at points D and C respectively.  Distributors are connected to

* Thus the distributor from point M is supplied by the feeders SLM and SRQPONM.
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points O, P, Q and R of the feeder ring through distribution transformers.  The intercon-
nected system has the following advantages :

(a) It increases the service reliability.
(b) Any area fed from one generating station during peak load hours can be fed from the other

generating station.  This reduces reserve power capacity and increases efficiency of the
system.

12.812.812.812.812.8    Requir   Requir   Requir   Requir   Requirements  of  a  Distribution  Systemements  of  a  Distribution  Systemements  of  a  Distribution  Systemements  of  a  Distribution  Systemements  of  a  Distribution  System

A considerable amount of effort is necessary to maintain an electric power supply within the require-
ments of various types of consumers.  Some of the requirements of a good distribution system are :
proper voltage, availability of power on demand and reliability.

(i) Proper voltage.  One important requirement of a distribution system is that voltage varia-
tions at consumer’s terminals should be as low as possible.  The changes in voltage are
generally caused due to the variation of load on the system.  Low voltage causes loss of
revenue, inefficient lighting and possible burning out of motors.  High voltage causes lamps
to burn out permanently and may cause failure of other appliances.  Therefore, a good distri-
bution system should ensure that the voltage variations at consumers terminals are within
permissible limits.  The statutory limit of voltage variations is ± 6% of the rated value at the
consumer’s terminals.  Thus, if the declared voltage is 230 V, then the highest voltage of the
consumer should not exceed 244 V while the lowest voltage of the consumer should not be
less than 216 V.

(ii) Availability of power on demand.  Power must be available to the consumers in any amount
that they may require from time to time.  For example, motors may be started or shut down,
lights may be turned on or off, without advance warning to the electric supply company.  As
electrical energy cannot be stored, therefore, the distribution system must be capable of
supplying load demands of the consumers.  This necessitates that operating staff must con-
tinuously study load patterns to predict in advance those major load changes that follow the
known schedules.

(iii) Reliability.  Modern industry is almost dependent on electric power for its operation.  Homes
and office buildings are lighted, heated, cooled and ventilated by electric power.  This calls
for reliable service.  Unfortunately, electric power, like everything else that is man-made,
can never be absolutely reliable.  However, the reliability can be improved to a considerable
extent by (a) interconnected system (b) reliable automatic control system (c) providing ad-
ditional reserve facilities.

12.912.912.912.912.9 Design  Considerations  in  Distribution  SystemDesign  Considerations  in  Distribution  SystemDesign  Considerations  in  Distribution  SystemDesign  Considerations  in  Distribution  SystemDesign  Considerations  in  Distribution  System

Good voltage regulation of a distribution network is probably the most important factor responsible
for delivering good service to the consumers.  For this purpose, design of feeders and distributors
requires careful consideration.

(i) Feeders.  A feeder is designed from the point of view of its current carrying capacity while
the voltage drop consideration is relatively unimportant.  It is because voltage drop in a
feeder can be compensated by means of voltage regulating equipment at the substation.

(ii) Distributors.  A distributor is designed from the point of view of the voltage drop in it.  It is
because a distributor supplies power to the consumers and there is a statutory limit of volt-
age variations at the consumer’s terminals (± 6% of rated value).  The size and length of the
distributor should be such that voltage at the consumer’s terminals is within the permissible
limits.



Distribution Systems-General 309309309309309

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures.

(i) The underground system has ............. initial cost than the overhead system.
(ii) A ring main system of distribution is ............. reliable than the radial system.

(iii) The distribution transformer links the primary and ............. distribution systems
(iv) The most common system for secondary distribution is ............ 3-phase, ............. wire system.
(v) The statutory limit for voltage variations at the consumer’s terminals is ............. % of rated value.

(vi) The service mains connect the ............. and the .............
(vii) The overhead system is ............. flexible than underground system.

2. Fill in the blanks by picking up correct words/figures from brackets.
(i) The main consideration in the design of a feeder is the .............

(current carrying capacity, voltage drop)
(ii) A 3-wire d.c. distribution makes available ............. voltages. (one, two, three)

(iii) Now-a-days ............. system is used for distribution. (a, c, d.c.)
(iv) The interconnected system ............. the reserve capacity of the systems. (increases, decreases)
(v) The major part of investment on secondary distribution is made on .............

(Distribution transformers, conductors, pole fittings)
(vi) The chances of faults in underground system are ............. as compared to overhead system.

(less, more)

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

1. (i) more  (ii) more  (iii) secondary  (iv) 400/230 V, 4  (v) = 6  (vi) distributor, consumer terminals

(vii) more

2. (i) current carrying capacity  (ii) two  (iii) a.c.  (iv) increases  (v) distribution transformers  (vi) less

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. What do you understand by distribution system ?
2. Draw a single line diagram showing a typical distribution system.
3. Define and explain the terms : feeder, distributor and service mains.
4. Discuss the relative merits and demerits of underground and overhead systems.
5. Explain the following systems of distribution :

(i) Radial system
(ii) Ring main system

(iii) Interconnected system
6. Discuss briefly the design considerations in distribution system.
7. With a neat diagram, explain the complete a.c. system for distribution of electrical energy.
8. Write short notes on the following :

(i) Distribution transformers
(ii) 3-wire d.c. distribution

(iii) Primary distribution

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. Can transmission and distribution systems be distinguished merely by their voltages ? Explain your
answer.

2. It is suggested that since distribution transformer links the primary and utilisation voltage, secondary
system is not essential.  Is it a feasible proposition ?

3. What are the situations where the cost of underground system becomes comparable to overhead system ?
4. What are the effects of high primary voltage on the distribution system ?
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IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

In the beginning of the electrical age,
electricity was generated as a direct current
and voltages were low.  The resistance losses

in the lines made it impracticable to transmit and
distribute power for more than a few localities of
the city.  With the development of the transformer,
a.c. has taken over the load formerly supplied by
d.c.  Now-a-days, electrical energy is generated,
transmitted and distributed in the form of a.c. as
an economical proposition.  The transformer
permits the transmission and distribution of a.c.
power at high voltages.  This has greatly reduced
the current in the conductors (and hence their
sizes) and the resulting line losses.

However, for certain applications, d.c. sup-
ply is absolutely necessary.  For example, d.c.
supply is required for the operation of variable
speed machinery (e.g. d.c. motors), electro-
chemical work and electric traction.  For this
purpose, a.c. power is converted into d.c. power
at the sub-station by using converting machinery
e.g. mercury are rectifiers, rotary converters and
motor-generator sets.  The d.c. supply from the

��
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D.C. Distribution

13.1 Types of D.C. Distributors

13.2 D.C. Distribution Calculations

13.3 D.C. Distributor Fed at one End – Con-
centrated Loading

13.4 Uniformly Loaded Distributor Fed at
One End

13.5 Distributor Fed at Both Ends –
Concentrated Loading

13.6 Uniformly Loaded Distributor Fed
at Both Ends

13.7 Distributor with Both Concentrated
and Uniform Loading

13.8 Ring Distributor

13.9 Ring Main Distributor with Inter-
connector

13.10 3-Wire D.C. System

13.11 Current Distribution in 3-Wire D.C.
System

13.12 Balancers in 3-Wire D.C. System

13.13 Boosters

13.14 Comparison of 3-Wire and 2-Wire
D.C. Distribution

13.15 Ground Detectors
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sub-station is conveyed to the required places for distribution.  In this chapter, we shall confine our
attention to the various aspects of d.c. distribution.

13.113.113.113.113.1   T  T  T  T  Types  of  D.C.  Distributorsypes  of  D.C.  Distributorsypes  of  D.C.  Distributorsypes  of  D.C.  Distributorsypes  of  D.C.  Distributors
The most general method of classifying d.c. distributors is the way they are fed by the feeders.  On
this basis, d.c. distributors are classified as:

(i) Distributor fed at one end

(ii) Distributor fed at both ends

(iii) Distributor fed at the centre

(iv) Ring distributor.

(i) Distributor fed at one end.  In this
type of feeding, the distributor is con-
nected to the supply at one end and
loads are taken at different points
along the length of the distributor.
Fig. 13.1 shows the single line dia-
gram of a d.c. distributor A B fed at
the end A  (also known as singly fed
distributor) and loads I1, I2 and I3 tapped off at points C, D and E respectively.

The following points are worth noting in a singly fed distributor :

(a) The current in the various sections of the distributor away from feeding point goes on
decreasing.  Thus current in section AC is more than the current in section CD and current in section
CD is more than the current in section DE.

(b) The voltage across the loads away from the feeding point goes on decreasing.  Thus in Fig.
13.1, the minimum voltage occurs at the load point E.

(c) In case a fault occurs on any section of the distributor, the whole distributor will have to be
disconnected from the supply mains.  Therefore, continuity of supply is interrupted.

(ii) Distributor fed at both ends.  In this type of feeding, the distributor is connected to the
supply mains at both ends and loads are
tapped off at different points along the
length of the distributor.  The voltage at
the feeding points may or may not be
equal.  Fig. 13.2 shows a distributor A B
fed at the ends A  and B and loads of I1, I2
and I3 tapped off at points C, D and E
respectively.  Here, the load voltage goes
on decreasing as we move away from one feeding point say A , reaches minimum value and
then again starts rising and reaches maximum value when we reach the other feeding point
B.  The minimum voltage occurs at some load point and is never fixed.  It is shifted with the
variation of load on different sections of the distributor.

Advantages

(a) If a fault occurs on any feeding point of the distributor, the continuity of supply is main-
tained from the other feeding point.

(b) In case of fault on any section of the distributor, the continuity of supply is maintained from
the other feeding point.
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(c) The area of X-section required for a doubly fed distributor is much less than that of a singly
fed distributor.

(iii) Distributor fed at the centre.  In this type of feeding, the centre of the distributor is con-
nected to the supply mains as shown in Fig. 13.3.  It is equivalent to two singly fed distribu-
tors, each distributor having a common feeding point and length equal to half of the total
length.

(iv) Ring mains.  In this type, the distributor is in the form of a closed ring as shown in Fig.13.4.
It is equivalent to a straight distributor fed at both ends with equal voltages, the two ends
being brought together to form a closed ring.  The distributor ring may be fed at one or more
than one point.

13.213.213.213.213.2   D.C.  Distribution  Calculations  D.C.  Distribution  Calculations  D.C.  Distribution  Calculations  D.C.  Distribution  Calculations  D.C.  Distribution  Calculations

In addition to the
methods of feeding
discussed above, a
distributor may have
(i) concentrated
loading  (ii) uniform
loading  (iii) both
concentrated and
uniform loading.
The concentrated
loads are those
which act on particu-
lar points of the dis-
tributor.  A common
example of such
loads is that tapped
off for domestic use.
On the other hand,
distributed loads are
those which act uni-
formly on all points
of the distributor.
Ideally, there are no distributed loads.  However, a nearest example of distributed load is a large
number of loads of same wattage connected to the distributor at equal distances.

D.C.  Load
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In d.c. distribution calculations, one important point of interest is the determination of point of
minimum potential on the distributor.  The point where it occurs depends upon the loading conditions
and the method of feeding the distributor.  The distributor is so designed that the minimum potential
on it is not less than 6% of rated voltage at the consumer’s terminals.  In the next sections, we shall
discuss some important cases of d.c. distributors separately.

13.313.313.313.313.3   D.C.  Distributor  Fed  at  one  En  D.C.  Distributor  Fed  at  one  En  D.C.  Distributor  Fed  at  one  En  D.C.  Distributor  Fed  at  one  En  D.C.  Distributor  Fed  at  one  End —d —d —d —d —Concentrated LoadingConcentrated LoadingConcentrated LoadingConcentrated LoadingConcentrated Loading

Fig. 13.5 shows the single line diagram of a 2-wire d.c. distributor A B fed at one end A  and having
concentrated loads I1, I2, I3 and I4 tapped off at points C, D, E and F respectively.

Let r1, r2, r3 and r4 be the resistances of both wires (go and return) of the sections AC, CD, DE
and EF of the distributor respectively.

Current fed from point A = I1 + I2 + I3 + I4

Current in section AC = I1 + I2 + I3 + I4

Current in section CD = I2 + I3 + I4

Current in section DE = I3 + I4

Current in section EF = I4

Voltage drop in section AC = r1 (I1 + I2 + I3 + I4)

Voltage drop in section CD = r2 (I2 + I3 + I4)
Voltage drop in section DE = r3 (I3 + I4)
Voltage drop in section EF = r4 I4

∴ Total voltage drop in the distributor
= r1 (I1 + I2 + I3 + I4) + r2 (I2 + I3 + I4) + r3 (I3 + I4) + r4 I4

It is easy to see that the minimum potential will occur at point F which is farthest from the feeding
point A .

Example 13.1.  A 2-wire d.c. distributor cable AB is 2 km long and supplies loads of 100A,
150A,200A and 50A situated 500 m, 1000 m, 1600 m and 2000 m from the feeding point A.  Each
conductor has a resistance of 0·01 Ω per 1000 m.  Calculate the p.d. at each load point if a p.d. of
300 V is maintained at point A.

Solution.  Fig. 13.6 shows the single line diagram of the distributor with its tapped currents.
Resistance per 1000 m of distributor = 2 × 0·01 = 0·02 Ω
Resistance of section AC, RAC = 0·02 × 500/1000 = 0·01 Ω
Resistance of sectionCD, RCD = 0·02 × 500/1000 = 0·01 Ω
Resistance of section DE, RDE = 0·02 × 600/1000 = 0·012 Ω
Resistance of section EB, REB = 0·02 × 400/1000 = 0·008 Ω
Referring to Fig. 13.6, the currents in the various sections of the distributor are :
IEB = 50 A ; IDE = 50 + 200 = 250 A

ICD = 250 + 150 = 400 A ; IAC = 400 + 100 = 500 A
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P.D. at load point C, VC = Voltage at A  − Voltage drop in AC

= VA − IAC RAC

= 300 − 500 × 0·01 = 295 V
P.D. at load point D, VD = V C − ICD RCD

= 295 − 400 × 0·01 = 291 V
P.D. at load point E, VE = V D − IDE RDE

= 291 − 250 × 0·012 = 288 V
P.D. at load point B, VB = V E − IEB REB

= 288 − 50 × 0·008 = 287·6 V
Example 13.2.  A 2-wire d.c. distributor AB is 300 metres long.  It is fed at point A.  The various

loads and their positions are given below :

At point distance from concentrated load
A in metres in amperes

C 40 30
D 100 40
E 150 100
F 250 50

If the maximum permissible voltage drop is not to exceed 10 V, find the cross-sectional area of
the distributor.  Take ρ = 1·78 × 10−8 Ωm.

Solution.  The single line diagram of the distributor along with its tapped currents is shown in
Fig. 13.7.  Suppose that resistance of 100 m length of the distributor is r ohms.  Then resistance of
various sections of the distributor is :

RAC = 0·4 r Ω   ;   RCD = 0·6 r Ω   ;   RDE = 0·5 r Ω   ;   REF = r Ω

Referring to Fig. 13.7, the currents in the various sections of the distributor are :
IAC = 220 A   ;   ICD = 190 A   ;   IDE = 150 A   ;   IEF = 50 A

Total voltage drop over the distributor
= IAC RAC + ICD RCD + IDE RDE + IEF REF

= 220 × 0·4r + 190 × 0·6r + 150 × 0·5r + 50 × r

= 327 r
As the maximum permissible drop in the distributor is 10 V,
∴ 10 = 327 r
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or r = 10/327 = 0·03058 Ω

X-sectional area of conductor =
81 78 10 100

0 03058/ 2
2

l

r

−ρ ⋅ × ×= ⋅  
= 116·4 × 10−6 m2 = 1·164 cm2

Example 13.3.  Two tram cars (A & B) 2 km and 6 km away from a sub-station return 40 A and
20 A respectively to the rails.  The sub-station voltage is 600 V d.c.  The resistance of trolley wire is
0·25 Ω/km and that of track is 0·03 Ω/km.  Calculate the voltage across each tram car.

Solution.  The tram car operates on d.c. supply.  The positive wire is placed overhead while the
rail track acts as the negative wire.  Fig. 13.8 shows the single line diagram of the arrangement.

Resistance of trolley wire and track/km
= 0·25 + 0·03 = 0·28 Ω

Current in section  SA = 40 + 20 = 60 A
Current in section  A B = 20 A

Voltage drop in section  S A = 60 × 0·28 × 2 = 33·6 V

Voltage drop in section  A B = 20 × 0·28 × 4 = 22·4 V
∴ Voltage across tram  A = 600 − 33·6 = 566·4 V

Voltage across tram  B = 566·4 − 22·4 = 544 V
Example 13.4.  The load distribution on a two-wire d.c. distributor is shown in Fig. 13.9. The

cross-sectional area of each conductor is 0·27 cm2.  The end A is supplied at 250 V.  Resistivity of the
wire is ρ = 1·78 µ Ω cm.  Calculate (i) the current in each section of the conductor (ii) the two-core
resistance of each section (iii) the voltage at each tapping point.

Solution.
(i) Currents in the various sections are :

Section CD, ICD = 20 A ; section BC, IBC = 20 + 15 = 35 A
Section A B, IA B = 20 + 15 + 12 = 47 A

(ii) Single-core resistance of the section of 100 m length

= ρ l
a

 = 1·78 × 10−6 × 100 100
0 27

×
⋅   = 0·066 Ω

* Note that resistance of each conductor of l = 100 m is r/2.

*
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The resistances of the various sections are :

RAB = 0·066 × 0·75 × 2 = 0·099 ΩΩΩΩΩ ; RBC = 0·066 × 2 = 0·132 ΩΩΩΩΩ
RCD = 0·066 × 0·5 × 2 = 0·066 ΩΩΩΩΩ

(iii) Voltage at tapping point B is

VB = V A  − IA B RA B = 250 − 47 × 0·099 = 245·35 V
Voltage at tapping point C is

VC = V B − IBC RBC = 245·35 − 35 × 0·132 = 240·73 V
Voltage at tapping point D is

VD = V C − ICD RCD = 240·73 − 20 × 0·066 = 239·41 V

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS
1. What should be the minimum cross-sectional area of each conductor in a two-core cable 100 m long to

limit the total voltage drop to 4% of the declared voltage of 250V when the conductors carry 60A ?  The
resistivity of the conductor is 2·845 µΩ cm. [0·34 cm2]

2. A 2-wire d.c. distributor, 500 m long is fed at one of its ends.  The cross-sectional area of each conductor
is 3·4 cm2 and the resistivity of copper is 1·7 µΩcm.  The distributor supplies 200 A at a distance of
300m from the feeding point and 100 A at the terminus.  Calculate the voltage at the feeding end if the
voltage at the terminus is to be 230 V. [241 V]

3. A 2-wire d.c. distributor A B 500 metres long is fed from point A  and is loaded as under :

Distance from feeding point A  (in metres) 100 300 400 500

Load (amperes) 20 40 40 50

If the specific resistance of copper is 1·7 × 10−8 Ωm, what must be the cross-section of each wire in order
that the voltage drop in the distributor shall not exceed 10 volts ? [1·734 cm2]

4. A 2-wire d.c. distributor is 250 m long.  It is to be loaded as shown in Fig 13.10 at 50 m intervals.  If the
maximum voltage drop is not to exceed 10V and the resistivity of core material is 0·7 × 2·54 µΩ cm,
determine the maximum cross-sectional area of each conductor. [1·602 cm2]

13.413.413.413.413.4   Unifor  Unifor  Unifor  Unifor  Uniformly Loaded  Distributor  Fed  at  One Endmly Loaded  Distributor  Fed  at  One Endmly Loaded  Distributor  Fed  at  One Endmly Loaded  Distributor  Fed  at  One Endmly Loaded  Distributor  Fed  at  One End

Fig 13.11 shows the single line diagram of a 2-wire d.c. distributor A B fed at one end A  and loaded
uniformly with i amperes per metre length.  It means that at every 1 m length of the distributor, the
load tapped is i amperes.  Let l metres be the length of the distributor and r ohm be the resistance per
metre run.

Consider a point C on the distributor at a distance x metres from the feeding point A  as shown in
Fig. 13.12.  Then current at point C is

= i l − i x amperes = i (l − x) amperes
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Now, consider a small length dx near point C.  Its resistance is r dx and the voltage drop over

length dx is

dv = i (l − x) r dx = i r (l − x) dx

Total voltage drop in the distributor upto point C is

v = i r l x dx i r l x x
x

0

2

2z − = −F
HG

I
KJb g

The voltage drop upto point B (i.e. over the whole distributor) can be obtained by putting x = l in
the above expression.

∴ Voltage drop over the distributor AB

= i r l l l× −
F
HG

I
KJ

2

2

= 1
2  i r l2 = 1

2  (i l) (r l)

= 1
2  I R

where i l = I, the total current entering at point A
r l = R, the total resistance of the distributor

Thus, in a uniformly loaded distributor fed at one end, the total voltage drop is equal to that
produced by the whole of the load assumed to be concentrated at the middle point.

Example 13.5.  A 2-wire d.c. distributor 200 metres long is uniformly loaded with 2A/metre.
Resistance of single wire is 0·3 Ω/km.  If the distributor is fed at one end, calculate :

(i) the voltage drop upto a distance of 150 m from the feeding point

(ii) the maximum voltage drop

Solution.
Current loading, i = 2 A/m
Resistance of distributor per metre run,

r = 2 × 0·3/1000 = 0·0006 Ω
Length of distributor, l = 200 m
(i) Voltage drop upto a distance x metres from feeding point

= i r l x x−
F
HG

I
KJ

2

2
[See Art. 13·4]

Here, x = 150 m

∴ Desired voltage drop = 2 × 0·0006 200 150
150 150

2
× − ×F

H
I
K  = 22·5 V

(ii) Total current entering the distributor,
I = i × l = 2 × 200 = 400 A

Total resistance of the distributor,
R = r × l = 0·0006 × 200 = 0·12 Ω

∴ Total drop over the distributor

=
1
2

 I R = 
1
2

 × 400 × 0·12 = 24 V

Example 13.6.  A uniform 2-wire d.c. distributor 500 metres long is loaded with 0.4 ampere/
metre and is fed at one end.  If the maximum permissible voltage drop is not to exceed 10 V, find the
cross-sectional area of the distributor conductor.  Take ρ = 1·7 × 10−6 Ω cm.
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Solution.
Current entering the distributor, I = i × l = 0·4 × 500 = 200 A
Max. permissible voltage drop = 10 V
Let r ohm be the resistance per metre length of the distributor (both wires).

Max. voltage drop = 1
2  I R

or 10 = 1
2  I r l [ � R = r l]

or r =
2 10 2 10

200 500
×
×

= ×
×I l  = 0·2 × 10−3 Ω

∴ Area of cross-section of the distributor conductor is

a =
6

3

1 7 10 100 2

/ 2 0 2 10

l

r

−

−
ρ ⋅ × × ×=

⋅ ×  = 1·7 cm2

Example 13.7.  A 250 m , 2-wire d.c. distributor fed from one end is loaded uniformly at the rate
of 1·6 A/metre.  The resistance of each conductor is 0·0002 Ω per metre.  Find the voltage necessary
at feed point to maintain 250 V (i) at the far end (ii) at the mid-point of the distributor.

Solution.
Current loading, i = 1·6A/m
Current entering the distributor, I = i × l = 1·6 × 250 = 400 A

Resistance of the distributor per metre run
r = 2 × 0·0002 = 0·0004 Ω

Total resistance of distributor, R = r × l = 0·0004 × 250 = 0·1 Ω
(i) Voltage drop over the entire distributor

=
1
2

  I R = 
1
2

 × 400 × 0·1 = 20 V

∴ Voltage at feeding point = 250 + 20 = 270 V
(ii) Voltage drop  upto a distance of x metres from feeding point

= i r l x x−
F
HG

I
KJ

2

2

Here x = l/2 = 250/2 = 125 m

∴ Voltage drop = 1·6 × 0·0004 250 125
125

2

2

× −
F
HG

I
KJ

a f
 = 15 V

∴ Voltage at feeding point = 250 + 15 = 265 V
Example 13.8.  Derive an expression for the power loss in a uniformly loaded distributor fed at

one end.

Solution.  Fig. 13.13 shows the single line diagram of a
2-wire d.c. distributor AB fed at end A and loaded uniformly
with i amperes per metre length.

Let l = length of the distributor in metres
r = resistance of distributor (both conductors) per metre run

Consider a small length dx of the distributor at point C at a distance x from the feeding end A.
The small length dx will carry current which is tapped in the length CB.

∴ Current in dx = i l − i x = i (l − x)

* Because we have assumed that r ohm is the resistance of 1m (= 100 cm) length of the distributor.

*
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Power loss in length  dx = (current in length dx)2 × Resistance of length dx

= [i (l − x)]2 × r dx

Total power loss P in the whole distributor is

P = i l x

l

−z b g 2

0

 r dx = i l x lx

l
2 2 2

0

2+ −z e j  r dx

= i2r l x lx

l
2 2

0

2+ −z e jdx = i2r l x x lx
l

2
3 2

0
3

2
2

+ −
L
NM

O
QP

= i2r l
l

l3
3

3

3
+ −

L
NM

O
QP

 = i2 × 
r l3

3

∴ P =
i r l2 3

3
Example 13.9.  Calculate the voltage at a distance of 200 m of a 300 m long distributor uni-

formly loaded at the rate of 0.75 A per metre.  The distributor is fed at one end at 250 V.  The resistance
of the distributor (go and return) per metre is 0·00018 Ω.  Also find the power loss in the distributor.

Solution.
Voltage drop at a distance x from supply end

= i r l x
x−

F
HG

I
KJ

2

2

Here i = 0·75 A/m; l = 300 m ; x = 200 m ; r = 0·00018 Ω/m

∴ Voltage drop = 0·75 × 0·00018 300 200
200

2

2

× −
L
N
M

O
Q
Pa f

 = 5.4 V

Voltage at a distance of 200 m from supply end

= 250 − 5·4 = 244·6 V
Power loss in the distributor is

P =
i r l2 3 2 3

3
0 75 0 00018 300

3
= ⋅ × ⋅ ×a f a f

 = 911·25 W

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. A 2-wire d.c. distributor 500 m long is loaded uniformly at the rate of 0·4A/m. If the voltage drop in the
distributor is not to exceed 5V, calculate the area of X-section of each conductor required when the
distributor is fed at one end.  Take resistivity of conductor material as 1·7 × 10−8 Ωm. [3·4 cm2]

2. A uniformly distributed load on a distributor of length 500 m is rated at 1 A per metre length.  The
distributor is fed from one end at 220V.  Determine the voltage drop at a distance of 400 m from the
feeding point.  Assume a loop resistance of 2 × 10−5 Ω per metre. [2·4 V]

3. A 250 m, 2-wire d.c. distributor fed from one end is loaded uniformly at the rate of 0·8 A per metre.  The
resistance of each conductor is 0·0002 Ω per metre.  Find the necessary voltage at the feeding point to
maintain 250 V at the far end of the distributor. [260 V]

13.513.513.513.513.5   Distributor  Fed  at  Both  Ends  Distributor  Fed  at  Both  Ends  Distributor  Fed  at  Both  Ends  Distributor  Fed  at  Both  Ends  Distributor  Fed  at  Both  Ends — Concentrated Loading Concentrated Loading Concentrated Loading Concentrated Loading Concentrated Loading

Whenever possible, it is desirable that a long distributor should be fed at both ends instead of at one
end only, since total voltage drop can be considerably reduced without increasing the cross-section of
the conductor.  The two ends of the distributor may be supplied with (i) equal voltages (ii) unequal
voltages.
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(i) Two ends fed with equal voltages.  Consider a  distributor A B fed at both ends with equal
voltages V  volts and having concentrated loads I1, I2, I3, I4 and I5 at points C, D, E, F and G
respectively as shown in Fig. 13.14.  As we move away from one of the feeding points, say
A , p.d. goes on decreasing till it reaches the minimum value at some load point, say E, and
then again starts rising and becomes V  volts as we reach the other feeding point B.

All the currents tapped off between points A  and E (minimum p.d. point) will be supplied from
the feeding point A  while those tapped off between B and E will be supplied from the feeding point B.
The current tapped off at point E itself will be partly supplied from A  and partly from B.  If these
currents are x and y respectively, then,

I3 = x + y
Therefore, we arrive at a very important conclusion that at the point of minimum potential,
current comes from both ends of the distributor.
Point of minimum potential.  It is generally desired to locate the point of minimum potential.

There is a simple method for it.  Consider a distributor A B having three concentrated loads I1, I2 and
I3 at points C, D and E respectively.  Suppose that current supplied by feeding end A is IA .  Then
current distribution in the various sections of the distributor can be worked out as shown in Fig. 13.15
(i).  Thus

IAC = IA ; ICD = IA − I1

IDE =  IA − I1 − I2 ; IEB = IA − I1 − I2 − I3

Voltage drop between A  and B = Voltage drop over A B

or V  − V =  IA RAC + (IA  − I1) RCD + (IA  − I1 − I2) RDE + (IA  − I1 − I2 − I3) REB

From this equation, the unknown IA  can be calculated as the values of other quantities are gener-
ally given.  Suppose actual directions of currents in the various sections of the distributor are indi-
cated as shown in Fig. 13.15 (ii).  The load point where the currents are coming from both sides of the
distributor is the point of minimum potential i.e. point E in this case

(ii) Two ends fed with unequal voltages.  Fig. 13.16 shows the distributor A B fed with unequal
voltages ; end A  being fed at V 1 volts and end B at V 2 volts.  The point of minimum potential
can be found by following the same procedure as discussed above.  Thus in this case,

Voltage drop between A  and B = Voltage drop over A B

or V 1 − V2 = Voltage drop over A B
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Example 13.10.  A 2-wire d.c. street mains AB, 600 m long is fed from both ends at 220 V.
Loads of 20 A, 40 A, 50 A and 30 A are tapped at distances of 100m, 250m, 400m and 500 m from the
end A respectively.  If  the area of X-section of distributor conductor is 1cm2, find the minimum
consumer voltage.  Take ρ = 1·7 × 10−6 Ω cm.

Solution.  Fig. 13.17 shows the distributor with its tapped currents.  Let IA  amperes be the
current supplied from the feeding end A .  Then currents in the various sections of the distributor are
as shown in Fig. 13.17.

Resistance of 1 m length of distributor

= 2 × 1 7 10 100
1

6⋅ × ×−
 = 3·4 × 10− 4 Ω

Resistance of section AC, RAC = (3·4 × 10− 4) × 100 = 0·034 Ω
Resistance of section CD, RCD = (3·4 × 10− 4) × 150 = 0·051 Ω
Resistance of section DE, RDE = (3·4 × 10− 4) × 150 = 0·051 Ω
Resistance of section EF, REF = (3·4 × 10− 4) × 100 = 0·034 Ω
Resistance of section FB, RFB = (3·4 × 10− 4) × 100 = 0·034 Ω

Voltage at B = Voltage at A  − Drop over length A B
or VB = V A  − [IA RAC + (IA  − 20) RCD + (IA  − 60) RDE

+ (IA  − 110) REF + (IA  − 140) RFB]
or 220 = 220 − [0·034 IA  + 0·051 (IA  − 20) + 0·051 (IA  − 60)

+ 0·034 (IA  − 110) + 0·034 (IA − 140)]
= 220 − [0·204 IA  − 12·58]

or 0·204 IA = 12·58
∴ IA = 12·58/0·204 = 61·7 A

The *actual distribution of currents in the various sections of the distributor is shown in Fig.
13.18.  It is clear that currents are coming to load point E from both sides i.e. from point D and point
F.  Hence, E is the point of minimum potential.

∴ Minimum consumer voltage,
VE = V A − [IAC RAC + ICD RCD + IDE RDE]

* Knowing the value of IA , current in any section can be determined.  Thus,

Current in section  CD, ICD = IA − 20 = 61·7 − 20 = 41·7 A  from C to D

Current in section  EF, IEF = IA  − 110 = 61·7 − 110 = − 48·3 A from E to F

= 48·3 A from F to E
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= 220 − [61·7 × 0·034 + 41·7 × 0·051 + 1·7 × 0·051]
= 220 − 4·31 = 215·69 V

Example 13.11.  A 2-wire d.c. distributor AB is fed from both ends.  At feeding point A, the
voltage is maintained as at 230 V and at B 235 V.  The total length of the distributor is 200 metres and
loads are tapped off as under :

25 A at 50 metres from A ; 50 A at 75 metres from A

30 A at 100 metres from A ; 40 A at 150 metres from A

The resistance per kilometre of one conductor is 0·3 Ω.  Calculate :

(i) currents in various sections of the distributor

(ii) minimum voltage and the point at which it occurs

Solution.  Fig. 13.19 shows the distributor with its tapped currents.  Let IA  amperes be the current
supplied from the feeding point A .  Then currents in the various sections of the distributor are as
shown in Fig 13.19.

Resistance of 1000 m length of distributor (both wires)

= 2 × 0·3 = 0·6 Ω
Resistance of section AC, RAC = 0·6 × 50/1000 = 0·03 Ω
Resistance of section CD, RCD = 0·6 × 25/1000 = 0·015 Ω
Resistance of section DE, RDE = 0·6 × 25/1000 = 0·015 Ω
Resistance of section EF, REF = 0·6 × 50/1000 = 0·03 Ω
Resistance of section FB, RFB = 0·6 × 50/1000 = 0·03 Ω

Voltage at B = Voltage at A – Drop over A B

or VB = V A  − [IA RAC + (IA  − 25) RCD + (IA  − 75) RDE

+ (IA  − 105) REF + (IA  − 145) RFB]

or 235 = 230 − [0·03 IA  + 0·015 (IA  − 25) + 0·015 (IA  − 75)
+ 0·03 (IA  − 105) + 0·03 (IA − 145)]

or 235 = 230 − [0·12 IA  − 9]

∴ IA =
239 235

0 12
−
⋅  = 33·34 A

(i) ∴ Current in section AC, IAC = IA  = 33·34 A
Current in section CD, ICD = IA − 25 = 33·34 − 25 = 8·34 A
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Current in section DE, IDE = IA − 75 = 33·34 − 75 = − 41·66 A from D to E

= 41·66 A from E to D

Current in section EF, IEF = IA  − 105 = 33·34 − 105 = −71·66 A from E to F

= 71·66 A from F to E

Current in section FB, IFB = IA  − 145 = 33·34 − 145 = − 111·66 A from F to B

= 111·66 A from B to F

(ii) The actual distribution of currents in the various sections of the distributor is shown in Fig.
13.20.  The currents are coming to load point D from both sides of the distributor.  There-
fore, load point D is the point of minimum potential.

Voltage at D, V D = V A − [IAC RAC + ICD RCD]

= 230 − [33·34 × 0·03 + 8·34 × 0·015]
= 230 − 1·125 = 228·875 V

Example 13.12.  A two-wire d.c. distributor AB, 600 metres long is loaded as under :

Distance from A (metres) : 150 300 350 450

Loads in Amperes : 100 200 250 300

The feeding point A is maintained at 440 V and that of B at 430 V.  If each conductor has a
resistance of 0·01 Ω per 100 metres, calculate :

(i) the currents supplied from A to B,  (ii)  the power dissipated in the distributor.

Solution.  Fig. 13.21 shows the distributor with its tapped currents.  Let IA  amperes be the current
supplied from the feeding point A.  Then currents in the various sections of the distributor are as
shown in Fig.13.21.

Resistance of 100 m length of distributor (both wires)
= 2 × 0·01 = 0·02 Ω

Resistance of section AC, RAC = 0·02 × 150/100 = 0·03 Ω
Resistance of sectionCD, RCD = 0·02 × 150/100 = 0·03 Ω
Resistance of section DE, RDE = 0·02 × 50/100 = 0·01 Ω
Resistance of section EF, REF = 0·02 × 100/100 = 0·02 Ω
Resistance of section FB, RFB = 0·02 × 150/100 = 0·03 Ω

Voltage at B = Voltage at A  — Drop over A B

or VB = V A  − [IA RAC + (IA  − 100) RCD + (IA  − 300) RDE

+ (IA  − 550) REF + (IA  − 850) RFB]
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or 430 = 440 − [0·03 IA  + 0·03 (IA  − 100) + 0·01 (IA  − 300)

+ 0·02 (IA  − 550) + 0·03 (IA − 850)]
or 430 = 440 − [0·12 IA  − 42·5]

∴ IA =
482 5 430

0 12
⋅ −

⋅  = 437·5 A

The actual distribution of currents in the various sections of the distributor is shown in Fig.13.22.
Incidentally, E is the point of minimum potential.

(i) Referring to Fig. 13.22, it is clear that

Current supplied from end A , IA = 437·5 A
Current supplied from end B, IB = 412·5 A

(ii) Power loss in the distributor

= I2
AC RAC + I2

CD RCD + I2
DE RDE + I2

EF REF + I
2

FBRFB

= (437·5)2 × 0·03 + (337·5)2 × 0·03 + (137·5)2 × 0·01 + (112·5)2 × 0·02 + (412·5)2 × 0·03

= 5742 + 3417 + 189 + 253 + 5104 = 14,705 watts = 14·705 kW
Example 13.13.  An electric train runs between two sub-stations 6 km apart maintained at

voltages 600 V and 590 V respectively and draws a constant current of 300 A while in motion.  The
track resistance of go and return path is 0·04 Ω/km.  Calculate :

(i) the point along the track where minimum potential occurs

(ii) the current supplied by the two sub-stations when the train is at the point of minimum
potential

Solution.  The single line diagram is shown in Fig. 13.23 where substation A  is at 600 V and sub-
station B at 590 V.  Suppose that minimum potential occurs at point M at a distance x km from the
substation A .  Let IA amperes be the current supplied by the sub-station A .  Then current supplied by
sub-station B is 300 — IA as shown in Fig 13.23.

Resistance of track (go and return path) per km

= 0·04 Ω
Track resistance for section A M, RAM = 0·04 x Ω
Track resistance for section MB, RMB = 0·04 (6 − x)Ω

Potential at M, V M = VA − IA RA M ... (i)
Also, Potential at M, V M = V B − (300 − IA) RMB ... (ii)
From equations (i) and (ii), we get,
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VA − IA RA M = V B − (300 − IA) RMB

or 600 − 0·04 x IA = 590 − (300 − IA) × 0·04 (6 − x)
or 600 − 0·04 x IA = 590 − 0·04 (1800 − 300 x − 6 IA  + IA  × x)
or 600 − 0·04 x IA = 590 − 72 + 12 x + 0·24 IA  − 0·04 xIA

or 0·24 IA = 82 − 12 x
or IA = 341·7 − 50 x

Substituting the value of IA  in eq. (i), we get,

VM = V A  − (341·7 − 50 x) × 0·04 x
∴ VM = 600 − 13·7 x + 2x2 ...(iii)
(i) For V M to be minimum, its differential coefficient w.r.t. x must be zero i.e.

d
dx

 (600 − 13·7 x + 2x2) = 0

or 0 − 13·7 + 4x = 0
∴ x = 13·7/4 = 3·425 km
i.e. minimum potential occurs at a distance of 3·425 km from the sub-station A .
(ii) ∴ Current supplied by sub-station A

= 341·7 − 50 × 3·425 = 341·7 − 171·25 = 170·45 A
Current supplied by sub-station B = 300 − IA  = 300 − 170·45 = 129·55 A

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. A 2-wire d.c. distributor A B is fed at both ends at the same voltage of 230 V.  The length of the
distributor is 500 metres and the loads are tapped off from the end A as shown below :
Load : 100 A 60 A 40 A 100 A

Distance : 50 m 150 m 250 m 400 m

If the maximum voltage drop of 5·5 V is to be allowed, find the X-sectional area of each conductor and
point of minimum potential.  Specific resistance of conductor material may be taken as 1·73 × 10−8 Ω m.

[1·06 cm2 ; 250 m from A]
2. A d.c. distributor A B is fed at both ends.  At feeding point A , the voltage is maintained at 235 V and at B

at 236 V.  The total length of the distributor is 200 metres and loads are tapped off as under :

20 A at 50 m from A
40 A at 75 m from A
25 A at 100 m from A
30 A at 150 m from A

The resistance per kilometre of one conductor is 0·4 Ω.  Calculate the minimum voltage and the point at
which it occurs. [232·175 V ; 75 m from point A]

3. A two conductor main A B, 500 m in length is fed from both ends at 250 volts.  Loads of 50 A, 60 A, 40
A and 30 A are tapped at distance of 100 m, 250 m, 350 m and 400 m from end A  respectively.  If the X-
section of conductor be 1 cm2 and specific resistance of the material of the conductor is 1·7 µ Ω cm,
determine the minimum consumer voltage. [245·07 V]

13.613.613.613.613.6   Unifor  Unifor  Unifor  Unifor  Uniformly  Loaded  Distributor  Fed  at  Both  Endsmly  Loaded  Distributor  Fed  at  Both  Endsmly  Loaded  Distributor  Fed  at  Both  Endsmly  Loaded  Distributor  Fed  at  Both  Endsmly  Loaded  Distributor  Fed  at  Both  Ends

We shall now determine the voltage drop in a uniformly loaded distributor fed at both ends.  There
can be two cases viz. the distributor fed at both ends with (i) equal voltages (ii) unequal voltages.  The
two cases shall be discussed separately.

(i) Distributor fed at both ends with equal voltages.  Consider a distributor A B of length l
metres, having resistance r ohms per metre run and with uniform loading of i amperes per
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metre run as shown in Fig. 13.24.  Let the distributor be fed at the feeding points A and B at
equal voltages, say V volts.  The total current supplied to the distributor is i l.  As the two end
voltages are equal, therefore, current supplied from each feeding point is i l/2 i.e.

Current supplied from each feeding point

=
i l
2

Consider a point C at a distance x metres from the feeding point A.  Then current at point C is

=
i l

i x i
l

x
2 2

− = −F
H

I
K

Now, consider a small length dx near point C.  Its resistance is  r dx and the voltage drop over
length dx is

dv = i l x r dx i r l x dx
2 2

−FH IK = −FH IK

∴ Voltage drop upto point C = i r
l

x dx i r
l x x

x

0

2

2 2 2z −F
H

I
K = −

F
HG

I
KJ

=
i r

l x x
2

2−e j
Obviously, the point of minimum potential will be the mid-point.  Therefore, maximum voltage

drop will occur at mid-point i.e. where x = l/2.

∴ Max. voltage drop =
i r

l x x
2

2−e j

=
i r

l l l
2 2 4

2

× −
F
HG

I
KJ [Putting x = l/2]

=
1

8

1

8

1

8
2i r l i l r l I R= =b g b g

where i l = I, the total current fed to the distributor from both ends

r l = R, the total resistance of the distributor

Minimum voltage = V
I R−
8

volts

(ii) Distributor fed at both ends with unequal voltages.  Consider a distributor AB of length
l metres having resistance r ohms per metre run and with a uniform loading of i amperes per
metre run as shown in Fig. 13.25.  Let the distributor be fed from feeding points A and B at
voltages VA and VB respectively.

Suppose that the point of minimum potential C is situated at a distance x metres from the feeding
point A.  Then current supplied by the feeding point A will be *i x.

* As C is at minimum potential, therefore, there is no current at this point.  Consequently, current in section
AC (i.e. i x) will be the current supplied by feeding point A.
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∴ Voltage drop in section AC =
i r x2

2
volts

As the distance of C from feeding point B is (l − x), therefore, current fed from B is i (l − x).

∴ Voltage drop in section BC =
i r l x( )− 2

2
volts

Voltage at point C, VC = VA − Drop over AC

= V
i r x

A −
2

2
...(i)

Also, voltage at point C, VC = VB − Drop over BC

= V
i r l x

B − −( )2

2
...(ii)

From equations (i) and (ii), we get,

V
i r x

A −
2

2
= V

i r l x
B − −( )2

2
Solving the equation for x, we get,

x =
V V

i r l
lA B−

+
2

As all the quantities on the right hand side of the equation are known, therefore, the point on the
distributor where minimum potential occurs can be calculated.

Example 13.14.  A two-wire d.c. distributor cable 1000 metres long is loaded with 0·5 A/metre.
Resistance of each conductor is 0·05 Ω/km.  Calculate the maximum voltage drop if the distributor is
fed from both ends with equal voltages of 220 V.  What is the minimum voltage and where it occurs ?

Solution.
Current loading, i = 0·5 A/m
Resistance of distributor/m, r = 2 × 0·05/1000 = 0·1 × 10−3 Ω
Length of distributor, l = 1000 m
Total current supplied by distributor, I = i l = 0·5 × 1000 = 500 A
Total resistance of the distributor, R = r l = 0·1 × 10−3 × 1000 = 0·1 Ω

∴ Max. voltage drop =
I R

8

500 0 1

8
= × ⋅

 = 6·25 V

Minimum voltage will occur at the mid-point of the distributor and its value is
= 220 − 6·25 = 213·75 V

Example 13.15.  A 2-wire d.c. distributor AB 500 metres long is fed from both ends and is
loaded uniformly at the rate of 1·0 A/metre.  At feeding point A, the voltage is maintained at 255 V
and at B at 250 V.  If the resistance of each conductor is 0·1 Ω per kilometre, determine :

(i) the minimum voltage and the point where it occurs

(ii) the currents supplied from feeding points A and B
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Solution.  Fig. 13.26 shows the single line diagram of the distributor.
Voltage at feeding point A, VA = 255 V

Voltage at feeding point B, VB = 250 V
Length of distributor, l = 500 m
Current loading, i = 1 A/m

Resistance of distributor/m, r = 2 × 0·1/1000 = 0·0002 Ω
(i) Let the minimum potential occur at a point C distant x metres from the feeding point A.  As

proved in Art. 13.6,

x =
V V

i r l

lA B−
+ = −

× ⋅ ×
+

2

255 250

1 0 0002 500
500 2/

= 50 + 250 = 300 m
i.e. minimum potential occurs at 300 m from point A.

Minimum voltage, VC = V
ir x

A − = − × ⋅ ×2 2

2
255

1 0 0002 300
2

a f
= 255 − 9 = 246 V

(ii) Current supplied from A = i x = 1 × 300 = 300 A
Current supplied from B = i (l − x) = 1 (500 − 300) = 200 A

Example 13.16.  A 800 metres 2-wire d.c. distributor AB fed from both ends is uniformly loaded
at the rate of 1·25 A/metre run.  Calculate the voltage at the feeding points A and B if the minimum
potential of 220 V occurs at point C at a distance of 450 metres from the end A.  Resistance of each
conductor is 0·05 Ω/km.

Solution.  Fig. 13.27 shows the single line diagram of the distributor.

Current loading, i = 1·25 A/m
Resistance of distributor/m, r = 2 × 0·05/1000 = 0·0001 Ω
Voltage at C, VC = 220 V

Length of distributor, l = 800 m
Distance of point C from A, x = 450 m

Voltage drop in section AC =
i r x2 2

2
1 25 0 0001 450

2
= ⋅ × ⋅ × a f

 = 12·65 V

∴ Voltage at feeding point A, VA = 220 + 12·65 = 232·65 V

Voltage drop in section BC =
i r l x−

=
⋅ × ⋅ × −b g b g2 2

2
1 25 0 0001 800 450

2
= 7·65 V

∴ Voltage at feeding point B, VB = 220 + 7·65 = 227·65 V
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Example 13.17.
(i) A uniformly loaded distributor is fed at the centre.  Show that maximum voltage drop

= I R/8 where I is the total current fed to the distributor and R is the total resistance of the
distributor.

(ii) A 2-wire d.c. distributor 1000 metres long is fed at the centre and is loaded uniformly at the
rate of 1·25 A/metre.  If the resistance of each conductor is 0·05 Ω/km, find the maximum
voltage drop in the distributor.

Solution. (i)  Fig. 13.28 shows distributor AB fed at
centre C and uniformly loaded with i amperes/metre.  Let
l metres be the length of the distributor and r ohms be the
resistance per metre run.  Obviously, maximum voltage
drop will   occur at either end.

∴ Max. voltage drop = Voltage drop in half
distributor

=  
1
2 2 2

1
8

i l r l
i l r lF

H
I
K
F
H

I
K = b g b g

=
1
8

 I R

where i l =  I, the total current fed to the distributor

r l = R, the total resistance of the distributor
(ii) Total current fed to the distributor is

I = i l = 1·25 × 1000 = 1250 A

Total resistance of the distributor is
R = r l = 2 × 0·05 × 1 = 0·1 Ω

Max. voltage drop =
1
8

1
8

1250 0 1I R = × × ⋅ = 15.62 V

Example 13.18.  Derive an expression  for the power loss in a uniformly loaded distributor fed
at both ends with equal voltages.

Solution.  Consider a distributor AB of length l metres, having resistance r ohms per metre run
with uniform loading of i amperes per metre run as shown in Fig.13.29.  Let the distributor be fed at
the feeding points A and B at equal voltages, say V volts.  The total current supplied by the distributor
is i l.  As the two end voltages are equal, therefore, current supplied from each feeding point is i l/2.

Current supplied from each feeding point = 
i l
2

Consider a small length dx of the distributor at point P which is at a distance x from the
feeding end A.

Resistance of length dx = r dx
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Current in length dx =
i l

i x i l x
2 2

− = −FH IK
Power loss in length dx = (current in dx)2 × Resistance of dx

= i l x r dx
2

2

−FH IK
L
NM

O
QP ×

Total power loss in the distributor is

P = i
l

x r dx i r
l

l x x dx

l l

2 4

2

0

2
2

2

0

−F
H

I
K

L
NM

O
QP = − +

F
HG

I
KJz z

= i r
l x l x x

i r
l l l

l
2

2 2 3

0

2
3 3 3

4 2 3 4 2 3
− +

L
NM

O
QP = − +

L
NM

O
QP

∴ P =
i r l2 3

12

13.713.713.713.713.7  Distr Distr Distr Distr Distributor  with  Both  Concentraibutor  with  Both  Concentraibutor  with  Both  Concentraibutor  with  Both  Concentraibutor  with  Both  Concentrated  and  Unifted  and  Unifted  and  Unifted  and  Unifted  and  Uniforororororm  Loadingm  Loadingm  Loadingm  Loadingm  Loading

There are several problems where a distributor has both concentrated and uniform loadings.  In such
situations, the total drop over any section of the distributor is equal to the sum of drops due to concen-
trated and uniform loading in that section.  We shall solve a few problems by way of illustration.

Example 13.19.  A 2-wire d.c. distributor AB, 900 metres long is fed at A at 400 V and loads of
50 A, 100 A and 150 A are tapped off from C, D and E which are at a distance of 200 m, 500 m and
800 m from point A respectively.  The distributor is also loaded uniformly at the rate of 0.5 A/m.  If
the resistance of distributor per metre (go and return) is 0.0001 Ω, calculate voltage (i) at  point B
and  (ii) at point D.

Solution. This problem can be solved in
two stages.  First, the drop at any point due to
concentrated loading is found.  To this is added
the voltage drop due to uniform loading.

Drops due to concentrated loads.  Fig.
13.30 shows only the concentrated loads
tapped off from the various points.  The cur-
rents in the various sections are :

IAC = 300 A ; ICD = 250 A ; IDE = 150 A

Drop in section AC = IAC RAC = 300 × (200 × 0·0001) = 6 V

Drop in section CD = 250 × (300 × 0·0001) = 7·5 V
Drop in section DE = 150 × (300 × 0·0001) = 4·5 V
Total drop over AB = 6 + 7·5 + 4·5 = 18 V

Drops due to uniform loading

Drop over AB =
i r l2 2

2
0 5 0 0001 900

2
20 25= ⋅ × ⋅ × = ⋅a f

V

Drop over AD = i r l x
x−

F
HG

I
KJ

2

2

Here, l = 900 m ; x = 500 m

∴ Drop over AD = 0·5 × 0·0001 900 500 500
2

2

× −
F
HG

I
KJ  = 16·25 V
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(i) Voltage at point B = VA − Drop over AB due to conc. and uniform loadings
= 400 − (18 + 20·25) = 361·75 V

(ii) Voltage at point D = VA − Drop over AD due to conc. and uniform loadings

= 400 − (6 + 7·5 + 16·25) = 370·25 V
Example 13.20.  Two conductors of a d.c. distributor cable AB 1000 m long have a total resis-

tance of 0·1 Ω.  The ends A and B are fed at 240 V.  The cable is uniformly loaded at 0·5 A per metre
length and has concentrated loads of 120 A, 60 A, 100 A and 40 A at points distant 200 m, 400 m,
700 m and 900 m respectively from the end A.  Calculate (i) the point of minimum potential
(ii) currents supplied from ends A and B (iii) the value of minimum potential.

Solution.
Distributor resistance per metre length, r = 0·1/1000 = 10−4 Ω
Uniform current loading, i = 0·5 A/m
(i) Point of minimum potential.  The point of minimum potential is not affected by the uni-

form loading of the distributor.  Therefore, let us consider the concentrated loads first as shown in
Fig. 13.31.  Suppose the current supplied by end A is I.  Then currents in the various sections will be
as shown in Fig. 13.31.

VA − VB =Drop over the distributor AB

240 − 240 = IAC RAC + ICD RCD + IDE RDE + IEF REF + IFB RFB

or 0 =10− 4 [I × 200 + (I − 120) 200 + (I − 180) 300 + (I − 280) 200 + (I − 320) × 100]
or 0 =1000 I − 166000 ∴ I = 166000/1000 = 166 A

The actual distribution of currents in the various sections of the distributor due to concentrated
loading is shown in Fig. 13.32.  It is clear from this figure that D is the point of minimum potential.

(ii) The feeding point A will supply 166 A due to concentrated loading plus 0·5 × 400 = 200 A
due to uniform loading.
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∴ Current supplied byA,  IA = 166 + 200 = 366 A
The feeding point B will supply a current of 154 A due to concentrated loading plus 0·5 ×
600 = 300 A due to uniform loading.

∴ Current supplied byB,  IB = 154 + 300 = 454 A
(iii) As stated above, D is the point of minimum potential.

∴ Minimum potential,VD = VA − Drop in AD due to conc. loading – Drop in AD due to
uniform loading

Now, Drop in AD due to conc. loading = IAC RAC + ICD RCD

= 166 × 10−4 × 200 + 46 × 10−4 × 200
= 3·32 + 0·92 = 4·24 V

Drop in AD due to uniform loading =
( )242 0 5 10 400

4
2 2

i r l
V

−⋅ × ×
= =

∴ VD = 240 − 4·24 − 4 = 231·76 V
Example 13.21.  A d.c. 2-wire distributor AB is 500m long and is fed at both ends at 240 V.  The

distributor is loaded as shown in Fig 13.33.  The resistance of the distributor (go and return) is
0·001Ω per metre.  Calculate (i) the point of minimum voltage and (ii) the value of this voltage.

Solution.  Let D be the point of **minimum potential and let x be the current flowing in section
CD as shown in Fig 13.33.  Then current supplied by end B will be (60 − x).

(i) If  r is the resistance of the distributor (go and return) per metre length, then,
Voltage drop in length AD = IAC RAC + ICD RCD

= (100 + x) × 100 r + x × 150 r

Voltage drop in length BD =
i r l

x r
2

2
60 250+ − ×b g

=
1 200

2
60 250

2× × + − ×r
x r

a f b g
Since the feeding points A and B are at the same potential,

∴ (100 + x) × 100 r + x × 150 r =
1 200

2
60 250

2× × + −r
x r

a f b g
or 100x + 10000 + 150x = 20000 + 15000 − 250x

or 500x = 25000  ∴  x = 50 A

* Drop due to uniform loading can be determined by imagining that the distributor is cut into two at point D
so that AD can be thought as a distributor fed at one end and loaded uniformly.

** You may carry out the calculation by assuming C to be point of minimum potential.  The answer will be
unaffected.

*



D.C. Distribution 333

The actual directions of currents in the various sections of the distributor are shown in Fig.
13.34.  Note that currents supplied by A and B meet at D.  Hence point D is the point of minimum
potential.

(ii) Total current = 160 + 1 × 200 = 360 A
Current supplied by A, IA = 100 + x = 100 + 50 = 150 A

Current supplied by B, IB = 360 − 150 = 210 A
Minimum potential, VD = VA − IAC RAC − ICD RCD

= 240 − 150 × (100 × 0·001) − 50 × (150 × 0·001)

= 240 − 15 − 7·5 = 217·5 V

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS
1. A 2-wire d.c. distributor AB, 1000 m long has a total resistance of 0·1 Ω.  The ends A and B are fed at 240

V.  The distributor is uniformly loaded at 0.5 A/metre length and has concentrated loads of 120 A, 60
A, 100 A and 40 A at points distant 200, 400, 700 and 900 m respectively from end A.  Calculate:

(i) the point of minimum potential

(ii) value of minimum potential

(iii) current fed at both ends [(i) 400 m from A (ii) 231·76 V (iii) IA = 366 A ; IB = 454 A]
2. A 2-wire d.c. distributor AB is 300 metres long.  The end A is fed at 205 V and end B at 200 V.  The

distributor is uniformly loaded at 0·15 A/metre length and has concentrated loads of 50 A, 60 A and
40 A at points distant 75, 175, 225 m respectively from the end A.  The resistance of each conductor
is 0·15 Ω per kilometre.  Calculate :

(i) the point of minimum potential

(ii) currents fed at ends A and B [(i) 175 m from A (ii) IA = 150 A ; IB = 45 A]
3. A d.c. 2-wire distributor AB is 450 m long and is fed at both ends at 250 V.  The distributor is loaded as

shown in Fig. 13.35.  The resistance of each conductor is 0·05 Ω per km.  Find the point of minimum
potential and its potential. [261·74 m from A ; 247·35 V]

13.813.813.813.813.8   Ring  Distributor  Ring  Distributor  Ring  Distributor  Ring  Distributor  Ring  Distributor

A distributor arranged to form a closed loop and fed at one or more points is called a ring distributor.
Such a distributor starts from one point, makes a loop through the area to be served, and returns to the
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original point.  For the purpose of calculating voltage distribution, the distributor can be considered
as consisting of a series of open distributors fed at both ends.  The principal advantage of ring dis-
tributor is that by proper choice in the number of feeding points, great economy in copper can be
affected.

The most simple case of a ring distributor is the one having only one feeding point as shown in
Fig. 13.36(ii).  Here A is the feeding point and tappings are taken from points B and C.  For the
purpose of calculations, it is equivalent to a straight distributor fed at both ends with equal voltages.

Example 13.22.  A 2-wire d.c. ring distributor is 300 m long and is fed at 240 V at point A.  At
point B, 150 m from A, a load of 120 A is taken and at C, 100 m in the opposite direction, a load of
80 A is taken.  If the resistance per 100 m of single conductor is 0·03 Ω,  find :

(i) current in each section of distributor

(ii) voltage at points B and C

Solution.
Resistance per 100 m of distributor

= 2 × 0·03 = 0·06 Ω
Resistance of section AB, RAB = 0·06 × 150/100 = 0·09 Ω
Resistance of section BC, RBC = 0·06 × 50/100 = 0·03 Ω
Resistance of section CA, RCA = 0·06 × 100/100 = 0·06 Ω
(i) Let us suppose that a current IA flows in section AB of the distributor.  Then currents in

sections BC and CA will be (IA − 120) and (IA − 200) respectively as shown in Fig. 13.36 (i).
According to Kirchhoff’s voltage law, the voltage drop in the closed loop ABCA is zero i.e.

IAB RAB + IBC RBC + ICA RCA = 0
or 0·09 IA + 0·03 (IA − 120) + 0·06 (IA − 200) = 0
or 0·18 IA = 15·6

∴ IA = 15·6/0·18 = 86·67 A
The actual distribution of currents is as shown in Fig. 13.36 (ii) from where it is seen that B is the

point of minimum potential.

Current in section AB, IAB = IA = 86·67 A from A to B

Current in section BC, IBC = IA − 120 = 86·67 − 120 = − 33·33 A

= 33.33 A from C to B

Current in section CA, ICA = IA − 200 = 86·67 − 200 = − 113·33 A
= 113 ·33 A from A to C

(ii) Voltage at point B, VB = VA − IAB RAB = 240 − 86·67 × 0·09 = 232·2 V
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Voltage at point C, VC = VB + IBC RBC

= 232·2 + 33·33 × 0·03 = 233·2 V
Example 13.23.  A 2-wire d.c. distributor ABCDEA in the form of a ring main is fed at point A

at 220 V and is loaded as under :

10A at B ; 20A at C ; 30A at D and 10 A at E.

The resistances of various sections (go and return) are : AB = 0·1 Ω ; BC = 0·05 Ω ; CD = 0·01
Ω ; DE = 0·025 Ω and EA = 0·075 Ω.  Determine :

(i) the point of minimum potential

(ii) current in each section of distributor

Solution.  Fig. 13.37 (i) shows the ring main distributor.  Let us suppose that current I flows in
section AB of the distributor.  Then currents in the various sections of the distributor are as shown in Fig.
13.37 (i).

(i) According to Kirchhoff’s voltage law, the voltage drop in the closed loop ABCDEA is zero i.e.
IAB RAB + IBC RBC + ICD RCD + IDE RDE + IEA REA = 0

or 0·1I + 0·05 (I − 10) + 0·01 (I − 30) + 0·025 (I − 60) + 0·075 (I − 70) = 0
or 0·26 I = 7·55

∴ I = 7·55/0·26 = 29·04 A
The actual distribution of currents is as shown in Fig. 13.37 (ii) from where it is clear that C is the

point of minimum potential.
∴ C is the point of minimum potential.

(ii) Current in section AB = I = 29·04 A from A to B
Current in section BC = I − 10 = 29·04 − 10 = 19·04 A from B to C
Current in section CD = I − 30 = 29·04 − 30 = − 0·96 A = 0·96 A from D to C
Current in section DE = I − 60 = 29·04 − 60 = − 30·96 A = 30·96 A from E to D
Current in section EA = I − 70 = 29·04 − 70 = − 40·96 A = 40·96 A from A to E

13.913.913.913.913.9   Ring  Main  Distr  Ring  Main  Distr  Ring  Main  Distr  Ring  Main  Distr  Ring  Main  Distributor  with  Inteributor  with  Inteributor  with  Inteributor  with  Inteributor  with  Interconnectorconnectorconnectorconnectorconnector

Sometimes a ring distributor has to serve a large area.  In such a case, voltage drops in the various
sections of the distributor may become excessive. In order to reduce voltage drops in various sec-
tions, distant points of the distributor are joined through a conductor called interconnector.  Fig.



336 Principles of Power System

13.38 shows the ring distributor ABCDEA.  The points B and D of the ring distributor are joined
through an interconnector BD.  There are several methods for solving such a network.  However, the
solution of such a network can be readily obtained by applying Thevenin’s theorem.  The steps of
procedure are :

(i) Consider the interconnector BD to be disconnected [See Fig. 13.39 (i)] and find the poten-
tial difference between B and D.  This gives Thevenin’s equivalent circuit voltage E0.

(ii) Next, calculate the resistance viewed from points B and D of the network composed of
distribution lines only.  This gives Thevenin’s equivalent circuit series resistance R0.

(iii) If RBD is the resistance of the interconnector BD, then Thevenin’s equivalent circuit will be
as shown in Fig. 13.39 (ii).

∴ Current in interconnector BD =
E

R RBD

0

0 +
Therefore, current distribution in each section and the voltage of load points can be calculated.

Example 13.24.  A d.c. ring main ABCDA is fed from point A from a 250 V supply and the
resistances (including both lead and return) of various sections are as follows : AB = 0·02 Ω ; BC =
0·018 Ω ; CD = 0·025 Ω and DA = 0·02 Ω.  The main supplies loads of 150 A at B ; 300 A at C and
250 A at D.  Determine the voltage at each load point.

If the points A and C are linked through an interconnector of resistance 0·02 Ω, determine the
new voltage at each load point.

Solution.
Without Interconnector.  Fig. 13.40 (i) shows the ring distributor without interconnector.  Let
us suppose that a current I flows in section AB of the distributor.  Then currents in various
sections of the distributor will be as shown in Fig. 13.40 (i).
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According to Kirchhoff’s voltage law, the voltage drop in the closed loop ABCDA is zero i.e.

IAB RAB + IBC RBC + ICD RCD + IDA RDA = 0

or 0·02I + 0·018 (I − 150) + 0·025 (I − 450) + 0·02 (I − 700) = 0
or 0·083 I = 27·95

∴ I = 27·95/0·083 = 336·75 A
The actual distribution of currents is as shown in Fig. 13.40 (ii).

Voltage drop in AB = 336·75 × 0·02 = 6·735 V

Voltage drop in BC = 186·75 × 0·018 = 3·361 V
Voltage drop in CD = 113·25 × 0·025 = 2·831 V
Voltage drop in DA = 363·25 × 0·02 = 7·265 V

∴ Voltage at point B = 250 − 6·735 = 243·265 V
Voltage at point C = 243·265 − 3·361 = 239·904 V
Voltage at point D = 239·904 + 2·831 = 242·735 V

With Interconnector.  Fig. 13.41 (i) shows the ring distributor with interconnector AC.  The
current in the interconnector can be found by applying Thevenin’s theorem.

E0 = Voltage between points A and C
= 250 − 239·904 = 10·096 V

R0 = Resistance viewed from points A and C

= 0 02 0 018 0 02 0 025
0 02 0 018 0 02 0 025

0 02
⋅ + ⋅ ⋅ + ⋅

⋅ + ⋅ + ⋅ + ⋅
= ⋅b g b g

b g b g Ω

RAC = Resistance of interconnector = 0·02 Ω
Thevenin’s equivalent circuit is shown in Fig. 13.41 (ii).  Current in interconnector AC

=
E

R R
A from A to C

AC

0

0

10 096
0 02 0 02

252 4
+

= ⋅
⋅ + ⋅

= ⋅

Let us suppose that current in section AB is I1.  Then current in section BC will be I1 − 150.  As
the voltage drop round the closed mesh ABCA is zero,

∴ 0·02 I1 + 0·018 (I1 − 150) − 0·02 × 252·4 = 0
or 0·038 I1 = 7·748
∴ I1 = 7·748/0·038 = 203·15 A

The actual distribution of currents in the ring distributor with interconnector will be as shown in
Fig. 13.42.

Drop in AB = 203·15 × 0·02 = 4·063 V
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Drop in BC = 53·15 × 0·018

= 0·960 V

Drop in AD = 244·45 × 0·02 = 4·9 V

∴ Potential of B = 250 − 4·063

= 245·93 V

Potential of C = 245·93 − 0·96

= 244·97 V

Potential of D = 250 − 4·9 = 245·1 V
It may be seen that with the use of interconnector, the voltage

drops in the various sections of the distributor are reduced.
Example 13.25.  Fig. 13.43 shows a ring distributor with interconnector BD.  The supply is

given at point A.  The resistances of go and return conductors of various sections are indicated in the
figure.  Calculate :

(i) current in the interconnector

(ii) voltage drop in the interconnector

Solution.  When interconnector BD is removed, let the current in branch AB be I.  Then current
distribution will be as shown in Fig. 13.44 (i).  As the total drop round the ring ABCDEA is zero,

∴ 0·075 I + 0·025 (I − 10) + 0·01 (I − 40) + 0·05 (I − 60) + 0·1 (I − 70) = 0
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or 0·26 I = 10·65

∴ I =
10 65

0 26
40 96

⋅
⋅

= ⋅ A

The actual distribution of currents will be as shown in Fig. 13.44 (ii).
Voltage drop along BCD = 30·96 × 0·025 + 0·96 × 0·01

= 0·774 + 0·0096 = 0·7836 V
This is equal to Thevenin’s open circuited voltage E0 i.e.

E0 = 0·7836 V
R0 = Resistance viewed from B and D

=
0 075 0 1 0 05 0 025 0 01

0 075 0 1 0 05 0 025 0 01
⋅ + ⋅ + ⋅ ⋅ + ⋅

⋅ + ⋅ + ⋅ + ⋅ + ⋅
b g b g
b g b g

=
0 225 0 035
0 225 0 035

0 03
⋅ ⋅
⋅ +

= ⋅a f a f
.

Ω

(i) Current in interconnector BD is

IBD =
E

R RBD

0

0

0 7836
0 03 0 05+

= ⋅
⋅ +

=
.

9 9. 8 A

(ii) Voltage drop along interconnector BD
= IBD RBD = 9·8 × 0·05 = 0·49 V

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. A 300 m ring distributor has loads as shown in Fig. 13.45 where distances are in metres.  The resis-
tance of each conductor is 0·2 W per 1000 metres and the loads are tapped off at points B, C and D as
shown.  If the distributor is fed at A at 240 V, find voltages at B, C and D.

[VB = 236·9 V ; VC = 235·97 V ; VD = 237·45 V]

2. A d.c. 2-wire ring main ABCDEA is fed
from 230 V supply as shown in Fig. 13.46.
The resistance of each section (go and re-
turn) AB, BC, CD, DE and EA is 0·1 W.
The loads are tapped off as shown.  Find
the voltage at each load point.
[VB = 227 V ; VC = 225 V ; VD = 225 V ;
VE = 226 V]

3. In the d.c. network shown in
Fig.13.47, A is the feeding point and
is maintained at 250 V.  The resistances
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of the various branches (go and return) are indicated in the figure.  Determine the current in each
branch.  [AB = 144A ; BC = 2A ; DC = 5A ; AD = 13A]

13.1013.1013.1013.1013.10 3-W3-W3-W3-W3-Wiririririre  De  De  De  De  D.C..C..C..C..C.  System  System  System  System  System

The great disadvantage of direct current for general power purposes lies in the fact that its voltage
cannot readily be changed, except by the use of rotating machinery, which in most cases is too expen-
sive.  The problem can be solved to a limited extent by the use of 3-wire d.c. system which makes
available two voltages viz.  V volts between any outer
and neutral and 2V volts between the outers.  Motor
loads requiring high voltage are connected between
the outers whereas lighting and heating loads requir-
ing less voltage are connected between any one outer
and the neutral.  Due to the availability of two volt-
ages, 3-wire system is preferred over 2-wire system
for d.c. distribution.

Fig. 13.48 shows the general principles of a
3-wire d.c. system. It consists of two outers and a middle
or neutral wire which is earthed at the generator end.
The potential of the neutral wire is *half-way between
the potentials of the outers.  Thus, if p.d. between the
outers is 440 V, then positive outer is at 220 V above the neutral and negative outer is 220 V below the
neutral.  The current in the neutral wire will depend upon the loads applied to the two sides.

(i) If the loads applied on both sides of the neutral are equal (i.e. balanced) as shown in Fig
13.48, the current in the neutral wire will be zero.  Under these conditions, the potential of
the neutral will be exactly half-way between the potential difference of the outers.

(ii) If the load on the positive outer (I1) is greater than on the negative outer (I2), then out of
balance current I1 − I2 will flow in the neutral wire from load  end to supply end as shown in
Fig. 13.49 (i).  Under this condition, the potential of neutral wire will no longer be midway
between the potentials of the outers.

(iii) If the load on the negative outer (I2) is greater than on the positive outer (I1), then out of
balance current I2 − I1 will flow in the neutral from supply end to load end as shown in Fig.
13.49 (ii).  Again, the neutral potential will not remain half-way between that of the outers.

(iv) As the neutral carries only the out of balance current which is generally small, therefore,
area of X-section of neutral is taken half as compared to either of the outers.

It may be noted that it is desirable that voltage between any outer and the neutral should have the
same value.  This is achieved by distributing the loads equally on both sides of the neutral.

* For balanced loads i.e. equal loads on both sides of the neutral wire.
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13.1113.1113.1113.1113.11    Curr   Curr   Curr   Curr   Current  Distrent  Distrent  Distrent  Distrent  Distribution  in  3-Wibution  in  3-Wibution  in  3-Wibution  in  3-Wibution  in  3-Wiririririre  De  De  De  De  D.C..C..C..C..C.  System  System  System  System  System

Fig. 13.50 shows a 3-wire 500/250 V d.c. distributor.  Typical values of loads have been assumed to
make the treatment more illustrative.  The motor requiring 500 V is connected across the outers and
takes a current of 75 A.  Other loads requiring lower voltage of 250 V are connected on both sides of
the neutral.

Applying Kirchhoff’s current law, it is clear that a current of 120 A enters the positive outer
while 130 A comes out of the negative outer.  Therefore, 130 − 120 = 10 A must flow in the neutral
at point N.  Once the magnitude and direction of current in the section NJ is known, the directions and
magnitudes of currents in the other sections of the neutral can be easily determined.  For instance, the
currents meeting at point K must add up to 40 A to supply the load KH.  As seen in Fig. 13.50, 20A of
CJ and 10A of NJ flow towards K, the remaining 10A coming from point L.  The current of 25A of
load DL is divided into two parts ; 10A flowing along section LK and the remaining 15 A along the
section LO to supply the load OG.

Load-point voltages.  Knowing the currents in the various sections of the outers and neutral, the
voltage at any load point can be determined provided resistances are known.  As an illustration, let us
calculate the voltage across load CJ of Fig.13.50.  Applying Kirchhoff’s voltage law to the loop
ACJNA, we have,

[Algebraic sum of voltage drops] + [Algebraic sum of e.m.f.s.] = 0
or *[− drop in AC − voltage across CJ + drop in NJ] + [250] = 0
or Voltage across CJ = 250 − drop in AC + drop in NJ

Example 13.26.  A load supplied on 3-wire d.c. system takes a current of 50 A on the +ve side
and 40 A on the negative side.  The resistance of each outer wire is 0·1 Ω and the cross-section of
middle wire is one-half of that of outer.  If the system is supplied at 500/250 V, find the voltage at the
load end between each outer and middle wire.

Solution.  Fig. 13.51 shows the current loading.  Obviously, current in the neutral wire is 50 − 40
= 10A.  As the X-sectional area of neutral is half that of outer, therefore, its resistance = 2 × 0·1 = 0·2 Ω.

Voltage at the load end on the +ve side,

VEL = 250 − I1 RAE − (I1 − I2) RNL

= 250 − 50 × 0·1 − (10) × 0·2 = 243 V
Voltage at the load end on the −ve side,

* Remember, rise in potential should be considered positive while fall in potential should be considered
negative.  In section AC, current flows from A to C and hence there is fall in potential.  In section JN,
obviously, there is rise in potential.
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VLG = 250 + (I1 − I2) RNL − I2 RBG

= 250 + 10 × 0·2 − 40 × 0·1 = 248 V
Example 13.27.  A 3-wire d.c. distribution system supplies a load of 5 Ω resistance across the

+ve outer and neutral and a load of 6 Ω resistance across −ve outer and neutral at the far end of the
distributor.  The resistance of each conductor is 0·1 Ω.  If the voltage between any outer and neutral
at the load end is to be kept at 240 V, find the feeding end voltages.

Solution.  Fig. 13.52 shows the 3-wire distribution system.

Current on +ve outer, I1 = 240/5 = 48A
Current on −ve outer, I2 = 240/6 = 40A

Current in neutral = I1 − I2 = 48 − 40 = 8A

Voltage between +ve outer and neutral at feeding end is

V1 = VEL + I1 RAE + (I1 − I2) RNL

= 240 + 48 × 0·1 + 8 × 0·1 = 245·6 V
Voltage between −ve outer and neutral at feeding end is

V2 = VLC − (I1 − I2) RNL + I2 RBC

= 240 − 8 × 0·1 + 40 × 0·1 = 243·2 V
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Example 13.28.  A 3-wire 500/250 V d.c. system has a load of 35 kW between the positive lead

and the middle wire and a load of 20 kW between the negative lead and the middle wire.  If there is
a break in the middle wire, calculate the voltage between the outers and the middle wire.

Solution.  Fig. 13.53 (i) shows the arrangement before the disconnection of the middle wire.
The voltages on the two sides of the middle wire are equal i.e. 250 V.  Let R1 be the resistance of load
on the +ve side and R2 be the resistance of load on the negative side.

R1 = 
250

35 10

2

3
a f

×
 = 1·785 Ω ; R2 = 

250

20 10

2

3
a f

×
 = 3·125 Ω [∵ R = V2/P]

When there is a break in the middle wire, two resistances R1 and R2 are put in series across 500 V
as shown in Fig. 13.53 (ii).

∴ Circuit current, I =
500 500

1 785 3 1251 2R R+
=

⋅ + ⋅  = 101·83 A

∴ Voltage across +ve outer and middle wire,
V1 = I R1 = 101·83 × 1·785 = 181·8 V

Voltage across −ve outer and middle wire,

V2 = I R2 = 101·83 × 3·125 = 318·2 V
Example 13.29.  A 3-wire, 500/250 V distributor is loaded as shown in Fig. 13.54.  The resis-

tance of each section is given in ohm.  Find the voltage across each load point.

Solution.  From the current loading given in Fig. 13.54, we can find the magnitudes and direc-
tions of currents in the various sections by applying Kirchhoff’s current law.  Fig. 13.55 shows the
magnitudes and directions of currents in the various sections.
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The voltage drops in the various sections are worked out below.

Section Resistance (Ω) Current (A) Drop (V)
AC 0·015 50 0·75
CD 0·01 30 0·3
ML 0·006 30 0·18
KL 0·014 6 0·084
KJ 0·02 14 0·28
NJ 0·02 10 0·2
HG 0·024 36 0·864
GB 0·02 60 1·2

Voltage across load CK = 250 − Drop in AC − Drop in KJ + Drop in NJ

= 250 − 0·75 − 0·28 + 0·2 = 249·17 V
Voltage across load DM = 249·17 − Drop in CD − Drop in ML + Drop in KL

= 249·17 − 0·3 − 0·18 + 0·084 = 248·774 V
Voltage across load JG = 250 − Drop in NJ − Drop in GB

= 250 − 0·2 − 1·2 = 248·6 V
Voltage across load LH = 248·6 + Drop in KJ − Drop in KL − Drop in HG

= 248·6 + 0·28 − 0·084 − 0·864 = 247·932 V
Example 13.30.  A 3-wire d.c. distributor AE 600 m long is supplied at end A at 500/250 V and

is loaded as under :

Positive side : 60A, 200 m from A ; 40 A, 360 m from A

Negative side : 20A, 100 m from B ; 60A, 260 m from B and 15A, 600 m from B

The resistance of each outer is 0·02 Ω per 100 metres and the cross-section of the neutral wire
is the same as that of the outer.  Find the voltage across each load point.



D.C. Distribution 345
Solution.  From the current loading given in Fig. 13.56, we can find the magnitudes and direc-

tions of currents in the various sections by Kirchhoff’s current law as shown in Fig. 13.57.  As the
neutral is of same cross-section, its resistance is 0·02 Ω per 100 metres.  The voltage drops in the
various sections are worked out below :

Section Resistance (Ω) Current (A) Drop (V)
AC 0·02 × 200/100 = 0·04 100 4
CD 0·02 × 160/100 = 0·032 40 1·28

MP 0·02 × 240/100 = 0·048 15 0·72
ML 0·02 × 100/100 = 0·02 25 0·5
KL 0·02 × 60/100 = 0·012 35 0·42

KJ 0·02 × 100/100 = 0·02 25 0·5
JN 0·02 × 100/100 = 0·02 5 0·1
FH 0·02 × 340/100 = 0·068 15 1·02

HG 0·02 × 160/100 = 0·032 75 2·4
GB 0·02 × 100/100 = 0·02 95 1·9

Voltage across CK = 250 − Drop in AC − Drop in KJ − Drop in JN

= 250 − 4 − 0·5 − 0·1 = 245·4 V
Voltage across DM = 245·4 − Drop in CD − Drop in ML + Drop in KL

= 245·4 − 1·28 − 0·5 + 0·42 = 244·04 V
Voltage across JG = 250 + Drop in JN − Drop in GB

= 250 + 0·1 − 1·9 = 248·2 V
Voltage across LH = 248·2 + Drop in KJ − Drop in KL − Drop in HG

= 248·2 + 0·5 − 0·42 − 2·4 = 245·88 V
Voltage across PF = 245·88 + Drop in ML − Drop in MP − Drop in FH

= 245·88 + 0·5 − 0·72 − 1·02 = 244·64 V
Example 13.31.  The 3-wire d.c. system supplies a load of 4 Ω resistance across +ve wire and

the neutral wire and a load of 6 Ω resistance across −ve outer and the neutral at the far end of the
distributor.  The resistance of each conductor is 0.15 Ω and voltage across each outer and neutral is
240 V at the load end.  Determine the load current and load voltages when there is a break in the
(i) neutral wire (ii) positive outer (iii) negative outer.  Assume that the load resistances and the
feeding end voltages remain the same.

Solution.  Fig. 13.58 shows the conditions of the problem when the system is healthy.  Let us find
the feeding end voltages.
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Current in the positive outer, I1 = 240/4 = 60 A

Current in the negative outer, I2 = 240/6 = 40 A
Current in the neutral wire = I1 − I2 = 60 − 40 = 20 A

Voltage between +ve outer and neutral at feeding point is

V1 = VEL + I1RAE + (I1 − I2) RNL

= 240 + 60 × 0·15 + 20 × 0·15 = 252 V
Voltage between −ve outer and neutral at feeding point is

V2 = VLC − (I1 − I2) RNL + I2 RBC

= 240 − 20 × 0·15 + 40 × 0·15 = 243 V

(i) When neutral breaks.  When there is a break in the neutral, the system is equivalent to 2-
wire d.c. system having load resistance = 4 + 6 = 10 Ω and p.d. = 252 + 243 = 495 V at the
feeding end.  If I is the load current, then,

Total circuit resistance = 10 + 0·15 + 0·15 = 10·3 Ω
∴ Load current, I = 495/10·3 = 48·06 A

Voltage across 4 Ω resistance = I × 4 = 48·06 × 4 = 192·24 V
Voltage across 6 Ω resistance = I × 6 = 48·06 × 6 = 288·36 V

(ii) When +ve outer breaks.  When there is a break in the +ve outer, there will be no current in
4 Ω load.  The circuit is again 2-wire d.c. system but now load is 6 Ω and p.d. at the feeding
point is 243 V.

Total circuit resistance = 6 + 0·15 + 0·15 = 6·3 Ω
If I′ is the load current, then,

I′ = 243/6·3 = 38·57 A
Voltage across 6 Ω = I′ × 6 = 38·57 × 6 = 231·42 V

(iii) When −−−−−ve outer breaks.  When there is a break in the negative outer, there will be no
current in 6 Ω load.  The circuit is again 2-wire d.c. system but now load is 4 Ω and p.d. at
the feeding point is 252 V.

Total circuit resistance = 4 + 0·15 + 0·15 = 4·3 Ω
If I ″ is the load current, then,

I″ = 252/4·3 = 58·6 A
Voltage across 4 Ω = I″ × 4 = 58·6 × 4 = 234·42 V
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TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. A load supplied by a 3-wire d.c. distribution system takes a current of 600 A on the +ve side and 480 A on
the −ve side.  The resistance of the outer conductor is 0·015 Ω and that of the middle wire is 0·03 Ω.
Determine the voltage at the load end between each outer and middle wire.  Supply voltage is 500/250 V.

[+ve side : 237·4 V ; −−−−−ve side : 246·4 V]
2. A 3-wire d.c. distributor, 250 m long, is supplied at end P at 500/250 V and is loaded as under :

Positive side : 20 A, 150 m from P ; 30 A, 250 m from P

Negative side : 24 A, 100 m from P ; 36 A, 220 m from P

The resistance of each outer wire is 0·02 Ω per 100 m and the cross-section of the middle wire is one half
that of the outer.  Find the voltage across each load point.

[Positive side : 248·62 V ; 247·83 V ; Negative side : 248·4 V ; 247·65 V]
3. The 3-wire d.c. system supplies a load of 4 Ω resistance across the +ve wire and the neutral and a load of

6 Ω resistance across −ve outer and the neutral at the far end of the distributor.  The resistance of each
conductor is 0·15 Ω and voltage across each outer and neutral is 240 V at the load end.  Calculate the
feeding end voltage. [+ve side : 252 V ; −−−−−ve side : 243 V]

13.1213.1213.1213.1213.12    Balancer   Balancer   Balancer   Balancer   Balancers  in  3-Ws  in  3-Ws  in  3-Ws  in  3-Ws  in  3-Wiririririre  De  De  De  De  D.C..C..C..C..C.  System  System  System  System  System

Although in a 3-wire d.c. system every effort is made to distribute the various loads equally on both
sides of the neutral, yet it is difficult to achieve the exact balance.  The result is that some current does
flow in the neutral wire and consequently the voltages on the two sides of the neutral do not remain
equal to each other.  In order to maintain voltages on the two sides of the neutral equal to each other,
a balancer set is used.

Circuit details.  Fig. 13.59 shows the use of a balancer set in a 3-wire d.c. system.  The balancer
consists of two identical shunt wound machines A and B coupled mechanically and having their
armature and field circuits connected in series across the outers.  The neutral wire is connected to the
junction of the armatures as shown.  The circuit arrangement has two obvious advantages.  Firstly,
only one generator (G) is required which results in a great saving in cost.  Secondly, the balancer set
tends to equalise the voltages on the two sides of the neutral.

Theory.  Since the speeds and field currents of the two machines are equal, their back e.m.f.s
have the same value.  When the system is unloaded or when the loads on the two sides are the same
(i.e. balanced), no current flows in the neutral wire.  Hence, the two machines run as unloaded motors

When the load is unbalanced, the current supplied by the +ve outer will be different from that
supplied by the negative outer.  Suppose that load I1 on the +ve outer is greater that the load I2 on the
−ve outer.  Since the +ve side is more heavily loaded, p.d. on this side tends to fall below the e.m.f. of
the balancer set.  Therefore, machine A runs as a generator.  On the other hand, p.d. on the lightly
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loaded −ve side rises above the e.m.f. of the balancer so that machine B runs as a motor.  The result is
that energy is transferred from lightly loaded side to the heavily loaded side, preventing the voltage
across heavily loaded side form dropping very much below the normal value.

For the condition shown in Fig. 13.59, the machine B acts as a motor and machine A as a genera-
tor.  The out of balance current I1 − I2 flows through the middle wire towards the balancers.  Assum-
ing the internal losses of the two machines to be negligible, then armature currents will be equal.
Hence, one-half of the current in neutral i.e. (I1 − I2)/2 will flow through each machine as shown.

Let Ra = armature resistance of each machine
*E = induced e.m.f. of each machine

V1 = terminal p.d. of machine A running as a generator
V2 = terminal p.d. of machine B running as a motor

∴ V1 = E
I I
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1 2

2
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It is clear that difference of voltages between the two sides of the system is proportional to
(i) the out-of-balance current I1− I2

(ii) the armature resistance of balancer
Therefore, in order to keep the voltages on the two sides equal, Ra is kept small and loads are

arranged on the two sides in such a way that out of balance current is as small as possible.
The difference of voltages (V2 − V1) on the two sides

can be further reduced by cross-connecting the shunt fields
of the balancer set as shown in Fig. 13.60.  As the gener-
ating machine A draws its excitation from lightly loaded
side which is at a higher voltage, therefore, induced e.m.f.
of the machine is increased.  On the other hand, induced
e.m.f. of machine B is decreased since it draws its excita-
tion from the heavily loaded side.  The result is that the
difference V2 − V1 is decreased considerably.  It may be
noted that a perfect balance cannot be obtained because
the operation of the balancer set depends upon a slight
unbalancing of the voltages on the two sides.

Example 13.32.  A d.c. 3-wire system with 500 V be-
tween the outers supplies 1500 kW on the +ve outer and 2000 kW on the negative outer.  If the losses
in the machines are negligible, calculate:

(i) current in the neutral wire
(ii) total current supplied by main generator

(iii) current in each balancer armature

Solution.  The connections are shown in Fig. 13.61.  As the negative side is more heavily loaded,
therefore, machine B acts as a generator and machine A as a motor.

* Since both machines have the same excitation and run at the same speed, their induced e.m.f.s will be same.
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Load current on +ve outer, I1 = 1500 × 103/250 = 6000 A

Load current on −ve outer, I2 = 2000 × 103/250 = 8000 A

(i) Current in the neutral = I2 − I1 = 8000 − 6000 = 2000 A
(ii) Total load on main generator = 1500 + 2000 = 3500 kW

∴ Current supplied by main generator, IG = 3500 × 103/500 = 7000 A
(iii) Current in machine A = IG − I1 = 7000 − 6000 = 1000 A

Current in machine B = I2 − IG = 8000 − 7000 = 1000 A
Example 13.33.  A d.c. 3-wire system with 500 V between outers has lighting loads of 150 kW on

the positive side and 100 kW on the negative side.  The loss in each balancer machine is 3 kW.
Calculate :

(i) total load on the main generator

(ii) kW loading of each balancer machine

Solution.  The connections are shown in Fig. 13.62.  As the positive side is more heavily loaded,
therefore, machine A acts as a generator and machine B as a motor.

(i) Total load on the main generator
= load on +ve side + load on −ve side + losses
= 150 + 100 + 2 × 3 = 256 kW
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(ii) Current supplied by the main generator,

IG = 256 × 103/500 = 512 A
Load current on +ve side, I1 = 150 × 103/250 = 600 A
Load current on −ve side, I2 = 100 × 103/250 = 400 A

Current in neutral wire = I1 − I2 = 600 − 400 = 200 A
Current through machine A = I1 − IG = 600 − 512 = 88 A
Current through machine B = IG − I2 = 512 − 400 = 112 A

∴ Load on machine  A = 88 × 250/1000 = 22 kW
Load on machine B = 112 × 250/1000 = 28 kW

Example 13.34.  In a 500/250 V d.c. 3-wire system, there is a current of 1200 A on the +ve side
and 1000 A on the −ve side and a motor load of 200 kW across the outers.  The loss in each balancer
machine is 5 kW.  Calculate :

(i) current of the main generator

(ii) load on each balancer machine

Solution.  The connections are shown in Fig. 13.63.  As the positive side is more heavily loaded,
therefore, machine  A acts as a generator and machine B as a motor.

Load on +ve side, P1 = 250 × 1200/1000 = 300 kW
Load on −ve side, P2 = 250 × 1000/1000 = 250 kW
Load on outers, P3 = 200 kW

(i) Total load on the main generator = P1 + P2 + P3 + loss in balancer machines
= 300 + 250 + 200 + 10 = 760 kW

Current of main generator, IG = 760 × 103/500 = 1520 A

(ii) Current in neutral = 1200 − 1000 = 200 A
Current through machine A = 1600 − 1520 = 80 A

Current thro’ machine B = 1520 − 1400 = 120 A

Load on machine A = 80 × 250/1000 = 20 kW
Load on machine B = 120 × 250/1000 = 30 kW

Example 13.35.  A d.c. 3-wire system with 500 volts across outers supplies 800 A on the positive
side and 550 A on the negative side and 1500 A across the outers.  The rotary balancer has each an
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armature resistance of 0·2 Ω and takes 5 A on no load.  Find :

(i) current loading of each balancer machine

(ii) the voltage across each balancer machine

(iii) total load on the main generator

Solution.  The connections are shown in Fig. 13.64.  As the positive side is more heavily loaded,
therefore, machine A acts as a generator and machine B as a motor.

Total current on +ve side = 800 + 1500 = 2300 A
Total current on −ve side = 550 + 1500 = 2050 A

Current in neutral wire = 800 − 550 = 250 A
Let the current through machines A and B be IA and IB respectively.  Then IA + IB must be equal

to current in the neutral wire i.e.

IA + IB = 250

or IA = 250 − IB

(i) Let VA and VB be the p.d.s. of machines A and B respectively.  Since machine B is driving the
machine A, output of B supplies the losses in the set plus the output of machine A  i.e.

Output of machine B = Output of machine A + *Losses in the set
or VB IB = VAIA + 500 × 5 + I2

A RA + I2
B RB

∴ VB IB = VA (250 − IB) + 2500 + (250 − IB)2 × 0·2 + 0·2 I2
B ...(i)

Each machine has same value of back e.m.f. E since their field currents and speeds are the same.
Back e.m.f., E = 250 − 0·2 × 5 = 249 V

Terminal p.d. across A, VA = E − IA RA = 249 − 0·2 (250 − IB)
∴ VA = 199 + 0·2 IB ...(ii)
Terminal p.d. across B, VB = E + IBRB

= 249 + 0·2 IB ...(iii)
Substituting the values of VA and VB in exp. (i), we get,

(249 + 0·2 IB) IB = (199 + 0·2 IB) (250 − IB) + 2500 + (250 − IB)2 × 0·2 + 0·2 I2
B

or 249 IB + 0·2 IB
2 = 49,750 − 199 IB + 50 IB − 0·2 I2

B + 2500 + 12,500
+ 0·2 I2

B − 100 IB + 0·2 I2
B

* Losses in the set = No load losses + Copper losses

= 500 × 5 + I2
A RA + I2

B RB
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or 498 IB = 64,750

∴ IB = 64750/498 = 130 A
and IA = 250 − 130 = 120 A
(ii) Voltage across machine A, VA = 199 + 0·2 IB = 199 + 0·2 × 130 = 225 V

Voltage across machine B, VB = 249 + 0·2 IB = 249 + 0·2 × 130 = 275 V
(iii) Load on main generator = 2300 − IA = 2300 − 120 = 2180 A

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. A load on 3-wire d.c. system with 500 V between the outers consists of 1500 A on the positive side and
1300A on the negative side while motors connected across outers absorb 500 kW.  Assuming each
balancer machine has a loss of 3·75 kW, calculate the load on the main generator and each balancer
machine. [1207·5 kW ; 21·25 kW ; 28·75 kW]

2. In a 500/250 V d.c. 3-wire system, there is a current of 2000 A on the +ve side, 1600A on the negative
side and a load of 300 kW across the outers.  The loss in each balancer set is 8 kW.  Calculate the current
in each armature of the balancer set and total load on the main generator. [168A ; 232A ; 1216 kW]

3. In a 500/250 volt 3-wire d.c. system, there is an out of balance load of 200 kW on the positive side.  The
loss in each balancer set is 10 kW and the current in the negative main is 2800A.  Calculate the current in
each armature of the balancer set and the total load on the generator. [440A ; 360A ; 1620 kW ]

13.1313.1313.1313.1313.13    Boosters   Boosters   Boosters   Boosters   Boosters

A booster is a d.c. generator whose function
is to inject or add certain voltage into a cir-
cuit so as to compensate the IR drop in the
feeders etc.

A booster is essentially a series d.c. gen-
erator of large current capacity and is con-
nected in series with the feeder whose voltage
drop is to be compensated as shown in Fig.
13.65.  It is driven at constant speed by a shunt
motor working from the bus-bars.  As the
booster is a series generator, therefore, volt-
age generated by it is directly proportional to
the field current which is here the feeder cur-
rent.  When the feeder current increases, the
voltage drop in the feeder also increases.  But
increased feeder current results in greater field
excitation of booster which injects higher voltage into the feeder to compensate the voltage drop.  For
exact compensation of voltage drop, the booster must be marked on the straight or linear portion of its
voltage-current characteristics.

It might be suggested to compensate the voltage drop in the feeder by overcompounding the
generators instead of using a booster.  Such a method is not practicable for feeders of different lengths
because it will disturb the voltage of other feeders.  The advantage of using a booster is that each
feeder can be regulated independently — a great advantage if the feeders are of different lengths.

Example 13.36.  A 2-wire system has the voltage at the supply end maintained at 500 V.  The line
is 3 km long.  If the full-load current is 120 A, what must be the booster voltage and output in order
that the far end voltage may also be 500 V ?  Take the resistance of the cable at the working tempera-
ture as 0·5 Ω/km.
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Solution.
Total resistance of line = 0·5 × 3 = 1·5 Ω
F.L. voltage drop in the line = 1·5 × 120 = 180 V
∴ Terminal voltage of booster = 180 V

Output of booster =
120 180

1000
×

 kW = 21·6 kW

13.1413.1413.1413.1413.14     Compar    Compar    Compar    Compar    Comparison  of  3-Wison  of  3-Wison  of  3-Wison  of  3-Wison  of  3-Wiririririre  and  2-We  and  2-We  and  2-We  and  2-We  and  2-Wiririririre  De  De  De  De  D.C..C..C..C..C.  Distr  Distr  Distr  Distr  Distributionibutionibutionibutionibution

It is worthwhile to make a comparison between 3-wire and 2-wire systems for d.c. distribution.  It
will be shown that there is a great saving of conductor material if we use 3-wire system instead of 2-
wire system for d.c. distribution.  For comparison, it will be assumed that :

(i) the amount of power P transmitted is the same

(ii) the *voltage V at the consumer’s terminals is the same
(iii) the distance of transmission is the same
(iv) the efficiency of transmission (and hence losses) is the same

(v) the 3-wire system is balanced i.e. no current in the neutral wire
(vi) the area of X-section of neutral wire is half the cross-section of outers in 3-wire system
Let R2 = resistance of each conductor in 2-wire system

R3 = resistance of each outer in 3-wire system
Current through outers in case of 3-wire system is

I3 = P/2V

Total loss in two outers = 2 I2
3 R3 = 2 (P/2V)2 R3

Current in 2-wire system, I2 = P/V
Total loss = 2 I2

2 R2 = 2 (P/V)2 R2

Since efficiency of transmission is the same, it means losses are the same i.e.

2 (P/2V)2 R3 = 2 (P/V)2 R2

∴ R3 = 4 R2

Therefore, the area of X-section of outers in 3-wire case will be one-fourth of each conductor in
2-wire case.

Let a = area of X-section of each conductor is 2-wire case
Then a/4 = area of X-section of each outer in 3-wire case

and a/8 = area of X-section of neutral wire [assumption (vi) above]
If l is the length of the line, then,

Volume of Cu for 3-wire system = l a a a a l
4 4 8

5
8

+ +FH IK =

Volume of Cu for 2-wire system = l (a + a) = 2 a l

∴ Volume of Cu for 3 - wire system
Volume of Cu for 2 - wire system

= 5
8

1
2

5
16

a l
a l

× =

Hence a 3-wire system requires only 5/16 th (or 31·25%) as much copper as a 2-wire system.
Note.  If the neutral has the same X-section as the outer, then,

Volume of Cu for 3-wire system = l a a a a l
4 4 4

3
4

+ +FH IK =

Volume of Cu for 2-wire system = l (a + a) = 2 a l

* Note that in case of 3-wire system, the voltage between the outers will be 2V.
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∴ Volume of Cu for 3- wire system
Volume of Cu for 2 - wire system

= 3
4

1
2

3
8

a l
a l

× =   or  37·5%

13.1513.1513.1513.1513.15 GrGrGrGrGround  Detectorsound  Detectorsound  Detectorsound  Detectorsound  Detectors

Ground detectors are the devices that are used to detect/indi-
cate the ground fault for ungrounded d.c. systems.  When a
ground fault occurs on such a system, immediate steps should
be taken to clear it.  If this is not done and a second ground
fault happens, a short circuit occurs.  Lamps are generally used
for the detection of ground faults.  They are connected for un-
grounded 2-wire system as shown  in Fig. 13.66.  Each lamp
should have a voltage rating equal to the line voltage.  The two lamps in series, being subjected to half
their rated voltage, will glow dimly.  If a ground fault occurs on either wires, the lamp connected to
the grounded wire will not glow while the other lamp will glow brightly.

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures.

(i) In a singly fed distributor, if fault occurs on any section, the supply to all consumers has to
be ............

(ii) A ring main distributor fed at one end is equivalent to ............ fed at both ends with equal voltages.

(iii) A distributor is designed from ............ considerations.

(iv) The point of minimum potential of a uniformly loaded distributor fed at both ends with equal volt-
ages will occur at ............

(v) The d.c. interconnector is used ............ the voltage drops in the various sections of the distributor.

(vi) In a 3 wire d.c. system, the load on +ve side is 400A and on negative side it is 300A.  Then current
in neutral wire is ............

(vii) In a balanced 3-wire d.c. system, the potential of neutral is ............ between that of outers.

(viii) A booster is used to ............ voltage drop in feeders etc.

(ix) Balancer set is used to maintain voltage on the two sides of the neutral ............

(x) In a balanced 3-wire d.c. system, if voltage across the outers is 500 V, then voltage between any
outer and neutral is ............

2. Pick up the correct words/figures from brackets and fill in the blanks.
(i) The voltage drop in a doubly fed distributor is ............ than the equivalent singly fed distributor.

(less, more)

(ii) In a 3-wire system, the area of X-section of neutral is generally ............ of either outer.

(half, double)

(iii) If in a 3-wire d.c. system, the current in the neutral wire is zero, then voltage between any outer and
neutral is ............ (the same, different)

(iv) A booster is connected in ............ with the feeder. (series, parallel)

(v) For exact compensation of voltage drop in the feeder, the booster must work on ............ portion of
its V—I characteristic. (linear, non-linear)

(vi) The balancer machine connected to the heavily loaded side works as a ............ (generator, motor)

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

1. (i) shut off (ii) straight distributor (iii) voltage drop (iv) mid-point (v) to reduce (vi) 100 A (vii) midway
(viii) compensate (ix) equal to each other (x) 250 V

2. (i) less (ii) half (iii) the same (iv) series (v) linear (vi) generator
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CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. Describe briefly the different types of d.c. distributors.

2. What are the advantages of a doubly fed distributor over singly fed distributor ?

3. Derive an expression for the voltage drop for a uniformly loaded distributor fed at one end.

4. What is the purpose of interconnector in a d.c. ring main distributor ?

5. Explain 3-wire d.c. system of distribution of electrical power.

6. What are the advantages of 3-wire distribution over 2-wire distribution ?

7. Show with a neat diagram how unbalanced loads in a 3-wire d.c. system cause unequal voltages on the
two sides of the neutral.

8. Explain the use of rotary balancer in a 3-wire d.c. distribution system.

9. What is a booster ?  With a neat diagram, explain how it can be used on a feeder.

10. Write short notes on the following :

(i) Ring main distributor

(ii) Current distribution in a 3-wire d.c. system

(iii) Balancers

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. What is the importance of minimum potential on the distributor ?

2. Why is 3-wire d.c. distribution preferred to 2-wire d.c. distribution ?

3. Which points of d.c. ring main should be connected through interconnector ?

4. Can we use compound generator as a booster ?

5. Why do we use a balancer set ?

6. Can exact balance of voltages to obtained with a balancer set ?
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IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

In the beginning of electrical age, electricity
was generated, transmitted and distributed as
direct current.  The principal disadvantage of

d.c. system was that voltage level could not
readily be changed, except by the use of rotating
machinery, which in most cases was too expen-
sive.  With the development of transformer by
George Westinghouse, a.c. system has become
so predominant as to make d.c. system practically
extinct in most parts of the world.  The present
day large power system has been possible only
due to the adoption of a.c. system.

Now-a-days, electrical energy is generated,
transmitted and distributed in the form of alter-
nating current as an economical proposition.  The
electrical energy produced at the power station is
transmitted at very high voltages by 3-phase, 3-
wire system to step-down sub-stations for distri-
bution.  The distribution system consists of two
parts viz. primary distribution and secondary dis-
tribution.  The primary distribution circuit is 3-
phase, 3-wire and operates at voltages (3·3 or 6·6
or 11kV) somewhat higher than general utilisation
levels.  It delivers power to the secondary distri-
bution circuit through distribution transformers

��

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

A.C.  Distribution

14.1 A.C. Distribution Calculations

14.2 Methods of Solving A.C. Distribution
Problems

14.3 3-Phase Unbalanced Loads

14.4 Four-Wire Star-Connected Unbal-
anced Loads

14.5 Ground Detectors
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situated near consumers’ localities.  Each distribution transformer steps down the voltage to 400 V
and power is distributed to ultimate consumers’ by 400/230 V, 3-phase, 4-wire system.  In this chap-
ter, we shall focus our attention on the various aspects of a.c. distribution.

14.114.114.114.114.1   A.C.  Distribution  Calculations  A.C.  Distribution  Calculations  A.C.  Distribution  Calculations  A.C.  Distribution  Calculations  A.C.  Distribution  Calculations

A.C. distribution calculations differ from those of d.c. distribution in the following respects :
(i) In case of d.c. system, the voltage drop is due to resistance alone.  However, in a.c. system,

the voltage drops are due to the combined effects of resistance, inductance and capacitance.

(ii) In a d.c. system, additions and subtractions of currents or voltages are done arithmetically
but in case of a.c. system, these operations are done vectorially.

(iii) In an a.c. system, power factor (p.f.) has to be taken into account.  Loads tapped off form the
distributor are generally at different power factors.  There are two ways of referring power
factor viz

(a) It may be referred to supply or receiving end voltage which is regarded as the reference
vector.

(b) It may be referred to the voltage at the load point itself.
There are several ways of solving a.c. distribution problems.  However, symbolic notation method

has been found to be most convenient for this purpose.  In this method, voltages, currents and imped-
ances are expressed in complex notation and the calculations are made exactly as in d.c. distribution.

14.214.214.214.214.2    Methods  of  Solving  A.C.  Distribution  Pr   Methods  of  Solving  A.C.  Distribution  Pr   Methods  of  Solving  A.C.  Distribution  Pr   Methods  of  Solving  A.C.  Distribution  Pr   Methods  of  Solving  A.C.  Distribution  Problemsoblemsoblemsoblemsoblems

In a.c. distribution calculations, power factors of various load currents have to be considered since
currents in different sections of the distributor will be the vector sum of load currents and not the
arithmetic sum.  The power factors of load currents may be given (i) w.r.t. receiving  or sending end
voltage or (ii) w.r.t. to load voltage itself.  Each case shall be discussed separately.

(i) Power factors referred to receiving end
voltage.  Consider an a.c. distributor A B with con-
centrated loads of I1 and I2 tapped off at points C and
B as shown in Fig. 14.1.  Taking the receiving end
voltage V B as the reference vector, let lagging power
factors at C and B be cos φ1 and cos φ2 w.r.t. V B.  Let
R1, X 1 and R2, X 2 be the resistance and reactance of
sections AC and CB of the distributor.

Impedance of section AC, ZAC = R1 + j X1

Impedance of section CB, ZCB = R2 + j X2

Load current at point C, I1 = I1 (cos φ1 − j sin φ1)

Load current at point B, I2 = I2 (cos φ2 − j sin φ2)

Current in section CB, ICB = I2  = I2 (cos φ2 − j sin φ2)

Current in section AC, IAC = I I1 2+
= I1 (cos φ1 − j sin φ1) + I2 (cos φ2 − j sin φ2)

Voltage drop in section CB, VCB = I ZCB CB  = I2 (cos φ2 − j sin φ2) (R2 + j X 2)

Voltage drop in section AC, VAC = ( )1 2AC AC ACI Z I I Z= +
����� ����� �� ���
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= [I1(cos φ1 − j sin φ1) + I2 (cos φ2 − j sin φ2)] [R1 + jX1]

Sending end voltage, VA = V V VB CB AC+ +

Sending end current, IA = I I1 2+

The vector diagram of the a.c. distributor under these conditions is shown in Fig. 14.2.  Here, the
receiving end voltage V B is taken as the reference vector.  As power factors of loads are given w.r.t.
V B, therefore, I1 and I2 lag behind V B by φ1 and φ2 respectively.

(ii) Power factors referred to respective load voltages.  Suppose the power factors of loads in
the previous Fig. 14.1 are referred to their respective load voltages.  Then φ1 is the phase angle
between V C and I1 and φ2 is the phase angle between V B and I2.  The vector diagram under these
conditions is shown in Fig. 14.3.

Voltage drop in section CB = I ZCB2  = I2 (cos φ2 − j sin φ2) (R2 + j X2)

Voltage at point C = VB  + Drop in section CB = V C ∠  α (say)

Now I1 = I1 ∠  − φ1 w.r.t. voltage V C

∴ I1 = I1 ∠  − (φ1 − α) w.r.t. voltage V B

i.e. I1 = I1 [cos (φ1 − α) − j sin (φ1 − α)]

Now IAC = I I1 2+
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= I1 [cos (φ1 − α) − j sin (φ1 − α)] + I2 (cos φ2 − j sin φ2)

Voltage drop in section AC = I ZAC AC

∴ Voltage at point A = VB + Drop in CB + Drop in AC

Example 14.1.  A single phase a.c. distributor AB 300 metres long is fed from end A and is
loaded as under :

(i) 100 A at 0·707 p.f. lagging 200 m  from point A

(ii) 200 A at 0·8 p.f. lagging 300 m from point A

The load resistance and reactance of the distributor is 0·2 Ω and 0·1 Ω per kilometre.  Calculate
the total voltage drop in the distributor.  The load power factors refer to the voltage at the far end.

Solution.  Fig. 14.4 shows the single line diagram of the distributor.
Impedance of distributor/km = (0·2 + j 0·1) Ω

Impedance of section AC, ZAC = (0·2 + j 0·1) × 200/1000 = (0·04 + j 0·02) Ω

Impedance of section CB, ZCB = (0·2 + j 0·1) × 100/1000 = (0·02 + j 0·01) Ω
Taking voltage at the far end B as the reference vector, we have,

Load current at point B, I2 = I2 (cos φ2 − j sin φ2) = 200 (0·8 − j 0·6)

= (160 − j 120) A

Load current at point C, I1 = I1 (cos φ1 − j sin φ1) = 100 (0·707 − j 0·707)
= (70·7− j 70·7) A

Current in section CB, ICB = I2  = (160 − j 120) A

Current in section AC, IAC = I I1 2+  = (70·7 − j 70·7) + (160 − j 120)

= (230·7 − j 190·7) A

Voltage drop in section CB, VCB = I ZCB CB  = (160 − j 120) (0·02 + j 0·01)

= (4·4 − j 0·8) volts

Voltage drop in section AC, VAC = I ZAC AC  = (230·7 − j 190·7) (0·04 + j 0·02)

= (13·04 − j 3·01) volts

Voltage drop in the distributor = V VAC CB+  = (13·04 − j 3·01) + (4·4 − j 0·8)

= (17·44 − j 3·81) volts

Magnitude of drop = 17 44 3 812 2⋅ + ⋅a f a f  = 17·85 V
Example 14.2.  A single phase distributor 2 kilometres long supplies a load of 120 A at 0·8 p.f.

lagging at its far end and a load of 80 A at 0·9 p.f. lagging at its mid-point.  Both power factors are
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referred to the voltage at the far end.  The resistance and reactance per km (go and return) are
0·05 Ω and 0·1 Ω respectively.  If the voltage at the far end is maintained at 230 V, calculate :

(i) voltage at the sending end

(ii) phase angle between voltages at the two ends.

Solution.  Fig. 14.5 shows the distributor AB with C as the mid-point
Impedance of distributor/km = (0·05 + j 0·1) Ω

Impedance of section AC, ZAC = (0·05 + j 0·1) × 1000/1000 = (0·05 + j 0·1) Ω

Impedance of section CB, ZCB = (0·05 + j 0·1) × 1000/1000 = (0·05 + j 0·1) Ω

Let the voltage VB at point B be taken as the reference vector.

Then, VB = 230 + j 0

(i) Load current at point B, I2 = 120 (0·8 − j 0·6) = 96 − j 72

Load current at point C, I1 = 80 (0·9 − j 0·436) = 72 − j 34·88

Current in section CB, ICB = I2  = 96 − j 72

Current in section AC, IAC = I I1 2+  = (72 − j 34·88) + (96 − j 72)

= 168 − j 106·88

Drop in section CB, VCB = I ZCB CB  = (96 − j 72) (0·05 + j 0·1)

= 12 + j 6

Drop in section AC, VAC = I ZAC AC  = (168 − j 106·88) (0·05 + j 0·1)

= 19·08 + j 11·45

∴ Sending end voltage, VA = V V VB CB AC+ +
= (230 + j 0) + (12 + j 6) + (19.08 + j 11.45)

= 261.08 + j 17.45

Its magnitude is = 261 08 17 452 2⋅ + ⋅a f a f  = 261·67 V

(ii) The phase difference θ between VA and VB is given by :

tan θ =
17 45
261 08

⋅
⋅  = 0·0668

∴ θ = tan−1 0·0668 = 3·82o

Example 14.3.  A single phase distributor one km long has resistance and reactance per con-
ductor of 0·1 Ω and 0·15 Ω respectively.  At the far end, the voltage VB = 200 V and the current is 100
A at a p.f. of 0·8 lagging.  At the mid-point M of the distributor, a current of 100 A is tapped at a p.f.
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of 0·6 lagging with reference to the voltage VM at the mid-point.  Calculate :

(i) voltage at mid-point

(ii) sending end voltage VA

(iii) phase angle between VA and VB

Solution.  Fig. 14.6 shows the single line diagram of the distributor AB with M as the mid-point.
Total impedance of distributor = 2(0·1 + j 0·15) = (0·2 + j 0·3) Ω

Impedance of section AM, ZAM = (0·1 + j 0·15) Ω

Impedance of section MB, ZMB = (0·1 + j 0·15) Ω
Let the voltage VB at point B be taken as the reference vector.

Then, VB = 200 + j 0

(i) Load current at point B, I2 = 100 (0·8 − j 0·6) = 80 − j 60

Current in section MB, IMB = I2  = 80 − j 60

Drop in section MB, VMB = I ZMB MB

= (80 − j 60) (0·1 + j 0·15) = 17 + j 6

∴ Voltage at point M, VM = V VB MB+  = (200 + j 0) + (17 + j 6)

= 217 + j 6

Its magnitude is = 217 62 2a f a f+  = 217·1 V

Phase angle between VM and VB, α = tan−1 6/217 = tan−1 0·0276 = 1·58o

(ii) The load current I1 has a lagging p.f. of 0·6 w.r.t. VM.  It lags behind VM by an angle
φ1 = cos−1 0·6 = 53·13o

∴ Phase angle between I1 and VB, φ′1 = φ1 − α = 53·13o − 1·58 = 51·55o

Load current at M, I1 = I1 (cos φ1′ − j sin φ1′) = 100 (cos 51·55º − j sin 51·55º)

= 62·2 − j 78·3

Current in section AM, IAM = I I1 2+  = (62·2 − j 78·3) + (80 − j 60)

= 142·2 − j 138·3

Drop in section AM, VAM = AM AMI Z
����� ������

 = (142·2 − j 138·3) (0·1 + j 0·15)

= 34·96 + j 7·5

Sending end voltage, VA = V VM AM+  = (217 + j 6) + (34·96 + j 7·5)
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= 251·96 + j 13·5

Its magnitude is = 251 96 13 52 2⋅ + ⋅a f a f  = 252·32 V

(iii) The phase difference θ between VA and VB is given by :
tan θ = 13·5/251·96 = 0·05358

∴ θ = tan−1 0·05358 = 3·07o

Hence supply voltage is 252·32 V and leads VB by 3·07º.
Example 14.4.  A single phase ring distributor ABC is fed at A.  The loads at B and C are 20 A

at 0.8 p.f. lagging and 15 A at 0.6 p.f. lagging respectively ; both expressed with reference to the
voltage at A.  The total impedance of the three sections AB, BC and CA are (1 + j 1), (1+ j2)  and
(1 + j3) ohms respectively.  Find the total current fed at A and the current in each section.  Use
Thevenin’s theorem to obtain the results.

Solution.  Fig. 14.7 (i) shows the ring distributor ABC.  Thevenin’s theorem will be used to solve
this problem.  First, let us find the current in BC.  For this purpose, imagine that section BC is
removed as shown in Fig. 14.7 (ii).

Referring to Fig.14.7 (ii), we have,

Current in section AB = 20 (0·8 − j 0.6) = 16 − j 12
Current in section AC = 15 (0·6 − j 0·8) = 9 − j 12
Voltage drop in section AB = (16 − j 12) (1 + j1) = 28 + j 4

Voltage drop in section AC = (9 − j 12) (1 + j 3) = 45 + j 15
Obviously, point B is at higher potential than point C.  The p.d. between B and C is Thevenin’s

equivalent circuit e.m.f. E0 i.e.

Thevenin’s equivalent circuit e.m.f., E0 = p.d. between B and C

= (45 + j 15) − (28 + j 4) = 17 + j 11
Thevenin’s equivalent impedance Zo can be found by looking into the network from points B and

C.
Obviously, Z0 = (1 + j1) + (1 + j 3) = 2 + j4

∴ Current in BC =
E

Z BC
0

0 + Impedance of 

=
17 11

2 4 1 2
17 11
3 6

+
+ + +

= +
+

j
j j

j
jb g b g

= 2·6 − j 1·53 = 3∠−∠−∠−∠−∠− 30·48º A
Current in AB = (16 − j 12) + (2·6 − j 1·53)
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= 18·6 − j 13·53 = 23∠−∠−∠−∠−∠− 36·03o A

Current in AC = (9 − j 12) − (2·6 − j 1·53)
= 6·4 − j 10·47 = 12·27∠−∠−∠−∠−∠− 58·56o A

Current fed at A = (16 − j 12) + (9 − j 12)
= 25 − j 24 = 34·65∠ −−−−−43·83o A

Example 14.5.  A 3-phase, 400V distributor AB is loaded as shown in Fig.14.8.  The 3-phase
load at point C takes 5A per phase at a p.f. of 0·8 lagging.  At point B, a 3-phase, 400 V induction
motor is connected which has an output of 10 H.P. with an efficiency of 90% and p.f. 0·85 lagging.

If voltage at point B is to be maintained at 400 V, what should be the voltage at point A ?  The
resistance and reactance of the line are 1Ω and 0·5Ω per phase per kilometre respectively.

Solution.  It is convenient to consider one phase only.  Fig.14.8 shows the single line diagram of
the distributor.  Impedance of the distributor per phase per kilometre = (1 + j 0·5) Ω.

Impedance of section AC, ZAC = (1 + j 0·5) × 600/1000 = (0·6 + j 0·3) Ω

Impedance of section CB, ZCB = (1 + j 0·5) × 400/1000 = (0·4 + j 0·2) Ω

Phase voltage at point B, VB = 400/ 3  = 231 V

Let the voltage VB at point B be taken as the reference vector.
Then, VB = 231 + j 0

Line current at B =
H. P.

line voltage p. f. efficiency

×
× × ×

746

3

=
10 746

3 400 0 85 0 9
×

× × ⋅ × ⋅
 = 14·08 A

∴ *Current/phase at B, I2 = 14·08 A

Load current at B, I2 = 14·08 (0·85 − j 0·527) = 12 − j 7·4

Load current at C, I1 = 5 (0·8 – j 0·6) = 4 − j 3

Current in section AC,
AC

I
����

= I I1 2+  = (4 − j 3) + (12 − j 7·4)

= 16 − j 10·4
Current in section CB,

CB
I
����

= I2  = 12 − j 7·4

Voltage drop in CB, V CB = I ZCB CB  = (12 − j 7·4) (0·4 + j 0·2)
= 6·28 − j 0·56

Voltage drop in AC, V AC = I ZAC AC  = (16 − j 10·4) (0·6 + j 0·3)

= 12·72 − j 1·44

* In a 3-phase system, if the type of connection is not mentioned, then star connection is understood.
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Voltage at A per phase, V A = V V VB CB AC+ +
= (231 + j 0) + (6·28 − j 0·56) + (12·72 − j 1·44)
= 250 − j 2

Magnitude of VA/phase = 250 22 2a f a f+  = 250 V

∴ Line voltage at A = 3  × 250 = 433 V
Example 14.6.  A 3-phase ring main ABCD fed at A at 11 kV supplies balanced loads of 50 A at

0.8 p.f. lagging at B, 120 A at unity p.f. at C and 70 A at 0·866 lagging at D, the load currents being
referred to the supply voltage at A.  The impedances of the various sections are :

Section AB = (1 + j 0·6) Ω   ;   Section BC = (1·2 + j 0·9) Ω
Section CD = (0·8 + j 0·5) Ω   ;   Section DA = (3 + j 2) Ω
Calculate the currents in various sections and station bus-bar voltages at B, C and D.

Solution. Fig.14.9 shows one phase of the ring main.  The problem will be solved by Kirchhoff’s
laws.  Let current in section AB be (x + j y).

∴ Current in section BC, IBC = (x + j y) − 50 (0·8 − j 0·6) = (x − 40) + j (y + 30)

Current in section CD, ICD = [(x − 40) + j (y + 30)] − [120 + j 0]

= (x − 160) + j (y + 30)

Current in section DA, IDA = [(x − 160) + j (y + 30)] − [70 (0·866 − j 0·5)]

= (x − 220·6) + j (y + 65)

Drop in section AB = I ZAB AB  = (x + jy) (1 + j0·6)
= (x − 0·6y) + j (0·6x + y)

Drop in section BC = I ZBC BC

= [(x − 40) + j (y + 30)] [(1·2 + j 0·9)]

= (1·2x − 0·9 y − 75) + j (0·9x + 1·2 y)
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Drop in section  CD = I ZCD CD

= [(x − 160) + j (y + 30)] [(0·8 + j 0·5)]

= (0·8x − 0·5y − 143) + j (0·5x + 0·8y − 56)

Drop in section  DA = I ZDA DA

= [(x − 220·6) + j (y + 65)] [(3 + j 2)]

= (3x − 2y − 791·8) + j (2x + 3y − 246·2)

Applying Kirchhoff’s voltage law to mesh ABCDA, we have,

Drop in AB + Drop in BC + Drop in CD + Drop in DA = 0

or [(x − 0·6y) + j (0·6x + y)] + [(1·2x − 0·9y − 75) + j (0·9x + 1·2y)]

+ [(0·8x − 0·5y − 143) + j (0·5x + 0·8y − 56)]

+ [(3x − 2y − 791·8) + j (2x + 3y − 246·2)] = 0

or (6x − 4y − 1009·8) + j (4x + 6y − 302·2) = 0

As the real (or active) and imaginary (or reactive) parts have to be separately zero,

∴ 6x − 4y − 1009·8 = 0

and 4x + 6y − 302·2 = 0

Solving for x and y, we have,

x = 139·7 A   ;   y = − 42·8 A

Current in section AB = (139·7 −−−−− j 42·8) A

Current in section BC = (x − 40) + j (y + 30)

= (139·7 − 40) + j (− 42·8 + 30) = (99·7 −−−−− j 12·8) A

Current in section CD = (x − 160) + j (y + 30)

= (139·7 − 160) + j (− 42·8 + 30)

= (−−−−−20·3 −−−−− j 12·8) A

Current in section DA = (x − 220·6) + j (y + 65)

= (139·7 − 220·6) + j (− 42·8 + 65)

= (−−−−−80·9 + j 22·2) A

Voltage at supply end A, VA = 11000/ 3  = 6351 V/phase

∴ Voltage at station B, VB = V I ZA AB AB−

= (6351 + j 0) − (139·7 − j 42·8) (1 + j 0·6)

= (6185·62 −−−−− j 41·02) volts/phase

Voltage at station C, VC = V I ZB BC BC−

= (6185·62 − j 41·02) − (99·7 − j 12·8) (1·2 + j 0·9)

= (6054·46 −−−−− j 115·39) volts/phase

Voltage at station D, VD = V I ZC CD CD−

= (6054·46 − j 115·39) − (−20·3 − j 12·8) × (0·8 + j 0·5)

= (6064·3 −−−−− j 95) volts/phase
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TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. A single phase distributor AB has a total impedance of (0·1 + j 0·2) ohm.  At the far end B, a current of 80
A at 0·8 p.f. lagging and at mid-point C a current of 100 A at 0·6 p.f. lagging are tapped.  If the voltage of
the far end is maintained at 200 V, determine :

(i) Supply end voltage VA

(ii) Phase angle between VA and VB

The load power factors are w.r.t. the voltage at the far end. [(i) 227·22 V  (ii) 2o31′′′′′]
2. A single-phase a.c. distributor AB is fed from end A and has a total impedance of (0·2 + j 03) ohm.  At the

far end, the voltage VB = 240 V and the current is 100 A at a p.f. of 0·8 lagging.  At the mid-point M, a
current of 100 A is tapped at a p.f. of 0·6 lagging with reference to the voltage VM at the mid-point.
Calculate the supply voltage VA and phase angle between VA and VB. [292 V, 2·6o]

3. A single phase ring distributor ABC is fed at A.  The loads at B and C are 40 A at 0·8 p.f. lagging and 60
A at 0·6 p.f. lagging respectively.  Both power factors expressed are referred to the voltage at point A.
The total impedance of sections AB, BC and CA are 2 + j1, 2 + j3 and 1 + j2 ohms respectively.  Deter-
mine the current in each section.

[Current in AB = (39·54 −−−−− j 25·05) amp ; BC = (7·54 −−−−− j 1·05) amp ; CA = (28·46 −−−−− j 46·95) amp.]
4. A 3-phase ring distributor ABCD fed at A at 11 kV supplies balanced loads of 40 A at 0·8 p.f. lagging at

B, 50 A at 0·707 p.f. lagging at C and 30 A at 0·8 p.f. lagging at D, the load currents being referred to the
supply voltage at A.

The impedances per phase of the various sections are :

Section AB = (1 + j 2) Ω ; Section BC = (2 + j 3) Ω
Section CD = (1 + j 1) Ω ; Section DA = (3 + j 4) Ω
Calculate the currents in various sections and station bus-bar voltages at B, C and D.

[Current in AB = (53·8 −−−−− j 46) amp ; BC = (21·8 −−−−− j 22) amp.
CD = (−−−−−13·55 + j 13·35) amp ; DA = (−−−−−40·55 −−−−− j 26·45) amp.

VB = (6212·5 −−−−− j 61·6) volts/phase ; VC = (6103 −−−−− j 83) volts/phase

VD = (6129·8 −−−−− j 82·8) volts/phase]

14.314.314.314.314.3    3-Phase  Unbalanced  Loads   3-Phase  Unbalanced  Loads   3-Phase  Unbalanced  Loads   3-Phase  Unbalanced  Loads   3-Phase  Unbalanced  Loads

The 3-phase loads that have the same impedance and power factor in each phase are called balanced
loads.  The problems on balanced loads can be solved by considering one phase only ; the conditions
in the other two phases being similar.  However, we may come across a situation when loads are
unbalanced i.e. each load phase has different impedance and/or power factor.  In that case, current
and power in each phase will be different.  In practice, we may come across the following unbal-
anced loads :

Phase  Sequence  Indicator
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(i) Four-wire star-connected unbalanced load
(ii) Unbalanced ∆-connected load

(iii) Unbalanced 3-wire, Y-connected load

The 3-phase, 4-wire system is widely used for distribution of electric power in commercial and
industrial buildings.  The single phase load is connected between any line and neutral wire while a
3-phase load is connected across the three lines.  The 3-phase, 4-wire system invariably carries *un-
balanced loads.  In this chapter, we shall only discuss this type of unbalanced load.

14.414.414.414.414.4    Four   Four   Four   Four   Four-W-W-W-W-Wiririririre  Stare  Stare  Stare  Stare  Star-Connected  Unbalanced  Loads-Connected  Unbalanced  Loads-Connected  Unbalanced  Loads-Connected  Unbalanced  Loads-Connected  Unbalanced  Loads

We can obtain this type of load in two ways.  First, we may connect a 3-phase, 4-wire unbalanced load
to a 3-phase, 4-wire supply as shown in Fig. 14.10.  Note that star point N of the supply is connected
to the load star point N′.  Secondly, we may connect single phase loads between any line and the
neutral wire as shown in Fig.14.11.  This will also result in a 3-phase, 4-wire **unbalanced load
because it is rarely possible that single phase loads on all the three phases have the same magnitude
and power factor.  Since the load is unbalanced, the line currents will be different in magnitude and
displaced from one another by unequal angles.  The current in the neutral wire will be the phasor sum
of the three line currents i.e.

Current in neutral wire, IN = IR + IY + IB ...phasor sum

The following points may be noted carefully :
(i) Since the neutral wire has negligible resistance, supply neutral N and load neutral N′ will be

at the same potential.  It means that voltage across each impedance is equal to the phase
voltage of the supply.  However, current in each phase (or line) will be different due to
unequal impedances.

(ii) The amount of current flowing in the neutral wire will depend upon the magnitudes of line
currents and their phasor relations.  In most circuits encountered in practice, the neutral
current is equal to or smaller than one of the line currents.  The exceptions are those circuits
having severe unbalance.

* No doubt 3-phase loads (e.g. 3-phase motors) connected to this supply are balanced but when we add
single phase loads (e.g. lights, fans etc.), the balance is lost.  It is because it is rarely possible that single
phase loads on all the three phases have the same magnitude and power factor.

** In actual practice, we never have an unbalanced 3-phase, 4-wire load.  Most of the 3-phase loads (e.g. 3-
phase motors) are 3-phase, 3-wire and are balanced loads.  In fact, these are the single phase loads on the
3-phase, 4-wire supply which constitute unbalanced, 4-wire Y-connected load.
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Example 14.7.  Non-reactive loads of 10 kW, 8 kW and 5 kW are connected between the neutral
and the red, yellow and blue phases respectively of a 3-phase, 4-wire system.  The line voltage is
400V.  Calculate (i) the current in each line and (ii) the current in the neutral wire.

Solution.  This is a case of unbalanced load so that the line currents (and hence the phase cur-
rents) in the three lines will be different.  The current in the *neutral wire will be equal to the phasor
sum of three line currents as shown in Fig. 14.12.

(i) Phase voltage = 400/ 3  = 231 V
IR = 10 × 103/231 = 43·3 A
IY = 8 × 103/231 = 34·6 A
IB = 5 × 103/231 = 21·65 A

(ii) The three lines currents are represented by the respective phasors in Fig. 14.13.  Note that
the three line currents are of different magnitude but displaced 120o from one another.  The current in
the neutral wire will be the phasor sum of the three line currents.

Resolving the three currents along x-axis and y-axis, we have,

Resultant horizontal component = IY cos 30o − IB cos 30o

= 34·6 × 0·866 − 21·65 × 0·866 = 11·22 A
Resultant vertical component = IR − IY cos 60o − IB cos 60o

= 43·3 − 34·6 × 0·5 − 21·65 × 0·5 = 15·2 A
As shown in Fig. 14.14, current in neutral wire is

IN = 11 22 15 22 2⋅ + ⋅a f a f  = 18·9 A

* Had the load been balanced (i.e. each phase having identical load), the current in the neutral wire would
have been zero.
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Example 14.8.  A 3-phase, 4-wire system supplies power at 400 V and lighting at 230 V.  If the
lamps is use require 70, 84 and 33 amperes in each of the three lines, what should be the current in
the neutral wire ? If a 3-phase motor is now started, taking 200 A from the lines at a p.f. of 0·2
lagging, what should be the total current in each line and the neutral wire ?  Find also the total
power supplied to the lamps and the motor.

Solution.  Fig. 14.15 shows the lamp load and motor load on 400 V/230 V, 3-phase, 4-wire
sypply.

Lamp load alone.  If there is lamp load alone, the line currents in phases R,Y and B are 70 A, 84
A and 33 A respectively.  These currents will be 120o apart (assuming phase sequence RYB) as shown
in Fig.14.16.

Resultant H-component = 84 cos 30o − 33 cos 30o = 44·17 A

Resultant V-component = 70 − 33 cos 60o − 84 cos 60o = 11·5 A

∴ Neutral current, IN = 44 17 11 52 2⋅ + ⋅a f a f  = 45·64 A

Both lamp load and motor load
When motor load is also connected along with lighting load, there will be no change in current in

the neutral wire.  It is because the motor load is balanced and hence no current will flow in the neutral
wire due to this load.

∴ Neutral current, IN = 45·64 A ...same as before

The current in each line is the phasor sum of the line currents due to lamp load and motor load.

Active component of motor current = 200 × cos φm = 200 × 0·2 = 40 A
Reactive component of motor current = 200 × sin φm = 200 × 0·98 = 196 A

∴ IR = sum of active comp. reactive comp.b g b g2 2+

= 40 70 1962 2+ +b g a f  = 224·8 A

IY = 40 84 1962 2+ +b g a f  = 232 A

IB = 40 33 1962 2+ +b g a f  = 209·15 A

Power supplied
Power supplied to lamps = 230 (70 + 84 + 33) × 1 = 43010 W (� cos φL = 1)
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Power supplied to motor = 3  VLIL cos φm

= 3  × 400 × 200 × 0·2 = 27712 W

Example 14.9.  The three line leads of a 400/230 V, 3-phase, 4-wire supply are designated as R,
Y and B respectively.  The fourth wire or neutral wire is designated as N.  The phase sequence is RYB.
Compute the currents in the four wires when the following loads are connected to this supply :

From R to N : 20 kW, unity power factor

From Y to N : 28·75 kVA, 0·866 lag

From B to N : 28·75 kVA, 0·866 lead

If the load from B to N is removed, what will be the value of currents in the four wires ?

Solution.  Fig. 14.17 shows the circuit diagram whereas Fig.14.18 shows its phasor diagram.
The current IR is in phase with VRN, current IY lags behind its phase voltage VYN by cos−1 0·866 = 30o

and the current IB leads its phase voltage VBN by cos−1 0·866 = 30o.
IR = 20 × 103/230 = 89·96 A
IY = 28·75 × 103/230 = 125 A
IB = 28·75 × 103/230 = 125 A

The current in the neutral wire will be equal to the phasor sum of the three line currents IR, IY and
IB.  Referring to the phasor diagram in Fig.14.18 and resolving these currents along x-axis and y-axis,
we have,

Resultant X-component = 86·96 − 125 cos 30o − 125 cos 30o

= 86·96 − 108·25 − 108·25 = − 129·54 A
Resultant Y-component = 0 + 125 sin 30o − 125 sin 30o = 0

∴ Neutral current, IN = − ⋅ +129 54 02 2a f a f  = 129·54A

When load from B to N removed.  When the load from B to N is removed, the various line
currents are :

IR = 86·96A in phase with VRN   ;   IY = 125A lagging VYN by 30o   ;   IB = 0 A
The current in the neutral wire is equal to the phasor sum of these three line currents.  Resolving

the currents along x-axis and y-axis, we have,
Resultant X-component = 86·96 − 125 cos 30o = 86·96 − 108·25 = − 21·29 A
Resultant Y-component = 0 − 125 sin 30o = 0 − 125 × 0·5 = − 62·5 A

∴ Neutral current, IN = − ⋅ + − ⋅21 29 62 5
2 2b g b g  = 66·03 A
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Example 14.10.  A 3-phase, 4-wire distributor supplies a balanced voltage of 400/230 V to a
load consisting of 30 A at p.f. 0·866 lagging for R-phase, 30 A at p.f. 0·866 leading for Y phase and
30 A at unity p.f. for B phase.  The resistance of each line conductor is 0·2 Ω.  The area of X-section
of neutral is half of any line conductor.  Calculate the supply end voltage for R phase.  The phase
sequence is RYB.

Solution.  The circuit diagram is shown in Fig. 14.19.  Since neutral is half the cross-section, its
resistance is 0·4 Ω.  Considering the load end and taking VR as the reference vector, the phase voltages
can be written as :

VR  = 230 ∠  0o volts  ;  VY  = 230 ∠  − 120o volts  ;  VB  = 230 ∠  120o volts

The vector diagram of the circuit is shown in Fig. 14.20.  The line
current IR lags behind VR by an angle cos−1 0·866 = 30o.  The current IY
leads VY by 30o and the current IB is in phase with VB.  Referring to the
vector diagram of Fig.14.20, the line currents can be expressed as :

IR = 30 ∠  − 30o amperes

IY = 30 ∠  − 90o amperes

IB = 30 ∠  120o amperes

Current in neutral wire, IN = I I IR Y B+ +

= 30 ∠−  30o + 30 ∠  − 90o + 30 ∠  120o

= 30 (0·866 − j 0·5) − 30 (j) + 30 (− 0·5 + j 0·866)

= 10·98 − j 19·02

Let the supply voltage of phase R to neutral be ER .  Then,

ER = VR  + Drop in R phase + Drop in neutral

= (230 + j 0) + 0·2 × 30 ∠  − 30o + (10·98 − j 19·02) × 0·4
= 230 + 6 (0·866 − j 0·5) + 0·4 (10·98 − j 19·02)
= 239·588 − j 10·608

= 239·8 ∠∠∠∠∠  −−−−−2·54o volts



372 Principles of Power System

Example 14.11.  In a 3-phase, 4-wire, 400/230 V system, a lamp of 100 watts is connected to
one phase and neutral and a lamp of 150 watts is connected to the second phase and neutral.  If the
neutral wire is disconnected accidentally, what will be the voltage across each lamp ?

Solution.  Fig. 14.21 (i) shows the lamp connections.  The lamp L1 of 100 watts is connected
between phase R and neutral whereas lamp L2 of 150 watts is connected between phase Y and the
neutral.

Resistance of lamp L1, R1 =
230
100

2a f
 = 529 Ω

Resistance of lamp L2, R2 =
230
150

2a f
 = 352·67 Ω

When the neutral wire is disconnected as shown in Fig. 14.21 (ii), the two lamps are connected in
series and the p.d. across the combination becomes equal to the line voltage EL (= 400 V).

Current through lamps, I =
E

R R
L

1 2+  = 
400

529 352 67+ ⋅  = 0·454 A

Voltage across lamp L1 = I R1 = 0·454 × 529 = 240 V

Voltage across lamp L2 = I R2 = 0·454 × 352·67 = 160 V
Comments.  The voltage across 100-watt lamp is increased to 240 V whereas that across 150-

watt is decreased to 160 V.  Therefore, 100-watt lamp becomes brighter and 150-watt lamp becomes
dim.  It may be noted here that if 100-watt lamp happens to be rated at 230 V, it may burn out due to
240 V coming across it.

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. Non-reactive loads of 10 kW, 6kW and 4 kW are connected between the neutral and red, yellow and blue
phases respectively of a 3-phase, 4-wire 400/230V supply.  Find the current in each line and in the neutral
wire. [IR = 43·3 A; IY = 26 A; IB = 17·3 A; IN = 22·9 A]

2. A factory has the following loads with a power factor of 0·9 lagging in each case.  Red phase 40 A, yellow
phase 50 A and blue phase 60 A.  If the supply is 400V, 3-phase, 4-wire, calculate the current in the
neutral wire and the total power. [17·3A, 31·2 kW]

3. In a 3-phase, 4-wire system, two phases have currents of 10A and 6A at lagging power factors of 0·8 and
0·6 respectively, while the third phase is open-circuited.  Calculate the current in the neutral wire. [7A]

4. A 3-phase, 4-wire system supplies a lighting load of 40A, 30A and 20A respectively in the three phases.
If the line voltage is 400 V, determine the current in the neutral wire. [17·32A]

14.5.14.5.14.5.14.5.14.5. GrGrGrGrGround  Detectoround  Detectoround  Detectoround  Detectoround  Detectorsssss

Ground detectors are the devices that are used to detect the ground fault for ungrounded a.c. systems.
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When a ground fault occurs on such a system, immediate steps
should be taken to clear it.  If this is not done and a second
ground fault happens, a short circuit occurs.

Fig.14.22 shows how lamps are connected to an un-
grounded 3-phase system for the detection of ground fault.  If
ground fault occurs on any wire, the lamp connected to that
wire will be dim and the lamps connected to healthy (un-
grounded) wire will become brighter.

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures.

(i) The most common system for secondary distribution is 400/..... V, 3-phase, ......... wire system.

(ii) In a 3-phase, 4-wire a.c. system, if the loads are balanced, then current in the neutral wire is .........

(iii) Distribution transformer links the ............ and ........... systems.

(iv) The 3-phase, 3-wire a.c. system of distribution is used for .......... loads.

(v) For combined power and lighting load, .............. system is used.

2. Pick up the correct words/figures from brackets and fill in the blanks.
(i) 3-phase, 4-wire a.c. system of distribution is used for .............. load. (balanced, unbalanced)

(ii) In a balanced 3-phase, 4-wire a.c. system, the phase sequence is RY B.  If the voltage of R phase =
230 ∠ 0o volts, then for B phase it will be .............. (230 ∠  − 120o volts, 230 ∠  120o volts)

(iii) In a.c. system, additions and subtractions of currents are done ..............

(vectorially, arithmetically)

(iv) The area of X-section of neutral is generally .............. that of any line conductor. (the same, half)

(v) For purely domestic loads, .............. a.c. system is employed for distribution.

(single phase 2-wire, 3-phase 3-wire)

ANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TESTANSWERS  TO  SELF-TEST
1. (i) 230, 4  (ii) zero  (iii) primary, secondary  (iv) balanced  (v) 3-phase 4-wire.

2. (i) unbalanced  (ii) 230 ∠ 120o  (iii) vectorially  (iv) half  (v) single phase 2-wire.

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. How does a.c. distribution differ from d.c. distribution ?

2. What is the importance of load power factors in a.c. distribution ?

3. Describe briefly how will you solve a.c. distribution problems ?

4. Write short notes on the following :

(i) Difference between d.c. and a.c. distribution

(ii) Systems of a.c. distribution

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS
1. What are the undesirable effects of too much voltage variation on a distribution circuit ?

2. What are the effects of diversity factor on the maximum load of a distribution transformer ?

3. Where does the greatest current density occur in a distribution feeder ?

4. What is the controlling factor in determining the size of a distributor ?

5. In which situation is secondary distribution eliminated ?
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Voltage  Control

  15.1 Importance of Voltage Control

  15.2 Location of Voltage Control Equipment

  15.3 Methods of Voltage Control

  15.4 Excitation Control

  15.5 Tirril Regulator

  15.6 Brown-Boveri Regulator

  15.7 Tap-Changing Transformers

  15.8 Auto-Transformer Tap-Changing

  15.9 Booster Transformer

15.10 Induction Regulators

15.11 Voltage Control by Synchronous
Condenser

IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

In a modern power system, electrical energy
from the generating station is delivered to the
ultimate consumers through a network of

transmission and distribution.  For satisfactory op-
eration of motors, lamps and other loads, it is de-
sirable that consumers are supplied with substan-
tially constant voltage.  Too wide variations of
voltage may cause erratic operation or even mal-
functioning of consumers’ appliances.  To safe-
guard the interest of the consumers, the govern-
ment has enacted a law in this regard.  The statu-
tory limit of voltage variation is ± 6% of declared
voltage at consumers’ terminals.

The principal cause of voltage variation at
consumer’s premises is the change in load on the
supply system.  When the load on the system in-
creases, the voltage at the consumer’s terminals
falls due to the increased voltage drop in (i) al-
ternator synchronous impedance (ii) transmission
line (iii) transformer impedance (iv) feeders and
(v) distributors.  The reverse would happen should
the load on the system decrease.  These voltage
variations are undesirable and must be kept within
the prescribed limits (i.e. ± 6% of the declared
voltage).  This is achieved by installing voltage
regulating equipment at suitable places in the
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power system.  The purpose of this chapter is to deal with important voltage control equipment and its
increasing utility in this fast developing power system.

15.115.115.115.115.1   Importance  of  V  Importance  of  V  Importance  of  V  Importance  of  V  Importance  of  Voltage  Controltage  Controltage  Controltage  Controltage  Contrololololol

When the load on the supply system changes, the voltage at the consumer’s terminals also changes.
The variations of voltage at the consumer’s terminals are undesirable and must be kept within pre-
scribed limits for the following reasons :

(i) In case of lighting load, the lamp characteristics are very sensitive to changes of voltage.
For instance, if the supply voltage to an incandescent lamp decreases by 6% of rated value,
then illuminating power may decrease by 20%.  On the other hand, if the supply voltage is
6% above the rated value, the life of the lamp may be reduced by 50% due to rapid deterio-
ration of the filament.

(ii) In case of power load consisting of induction motors, the voltage variations may cause
erratic operation.  If the supply voltage is above the normal, the motor may operate with a
saturated magnetic circuit, with consequent large magnetising current, heating and low power
factor.  On the other hand, if the voltage is too low, it will reduce the starting torque of the
motor considerably.

(iii) Too wide variations of voltage cause excessive heating of distribution transformers.  This
may reduce their ratings to a considerable extent.

It is clear from the above discussion that voltage variations in a power system must be kept to
minimum level in order to deliver good service to the consumers.  With the trend towards larger and
larger interconnected system, it has become necessary to employ appropriate methods of voltage
control.

15.215.215.215.215.2   Location  of  V  Location  of  V  Location  of  V  Location  of  V  Location  of  Voltage  Controltage  Controltage  Controltage  Controltage  Control  Equipmentol  Equipmentol  Equipmentol  Equipmentol  Equipment

In a modern power system, there are several elements between the generating station and the consum-
ers.  The voltage control equipment is used at more than one point in the system for two reasons.
Firstly, the power network is very extensive and there is a considerable voltage drop in transmission
and distribution systems.  Secondly, the various circuits of the power system have dissimilar load
characteristics.  For these reasons , it is  necessary to provide individual means of voltage control for
each circuit or group of circuits.  In practice, voltage control equipment is used at :

(i) generating stations
(ii) transformer stations

(iii) the feeders if the drop exceeds the permissible limits

15.315.315.315.315.3   Methods  of  V  Methods  of  V  Methods  of  V  Methods  of  V  Methods  of  Voltage   Controltage   Controltage   Controltage   Controltage   Contrololololol

There are several methods of voltage control.  In each method, the system voltage is changed in
accordance with the load to obtain a fairly constant voltage at the consumer’s end of the system.  The
following are the methods of voltage control in an *a.c. power system:

(i) By excitation control
(ii) By using tap changing transformers

(iii) Auto-transformer tap changing
(iv) Booster transformers
(v) Induction regulators

(vi) By synchronous condenser
Method (i) is used at the generating station only whereas methods (ii) to (v) can be used for

* Since the modern power system is a.c., voltage control for this system will be discussed.  However, for a
d.c. system, voltage control can be effected by (i) overcompounded generators and (ii) boosters.
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transmission as well as primary distribution systems.  However, methods (vi) is reserved for the
voltage control of a transmission line.  We shall discuss each method separately in the next sections.

15.415.415.415.415.4    Excitation  Contr   Excitation  Contr   Excitation  Contr   Excitation  Contr   Excitation  Contrololololol

When the load on the supply system changes, the terminal voltage of the alternator also varies due to
the changed voltage drop in the synchronous reactance of the armature.  The voltage of the alternator
can be kept constant by changing the *field current of the alternator in accordance with the load.  This
is known as excitation control method.  The excitation of alternator can be controlled by the use of
automatic or hand operated regulator acting in the field circuit of the alternator.  The first method is
preferred in modern practice. There are two main types of automatic voltage regulators viz.

(i) Tirril Regulator
(ii) Brown-Boveri Regulator
These regulators are based on the “overshooting the mark †principle” to enable them to respond

quickly to the rapid fluctuations of load.  When the load on the alternator increases, the regulator
produces an increase in excitation more than is ultimately necessary.  Before the voltage has the time
to increase to the value corresponding to the increased excitation, the regulator reduces the excitation
to the proper value.

15.515.515.515.515.5   T  T  T  T  Tirril  Regulatorirril  Regulatorirril  Regulatorirril  Regulatorirril  Regulator

In this type of regulator, a fixed resistance is cut in and cut out of the exciter field circuit of the
alternator.  This is achieved by rapidly opening and closing a shunt circuit across the exciter rheostat.
For this reason, it is also known as vibrating type voltage regulator.

Construction.  Fig. 15.1 shows the essential parts of a Tirril voltage regulator.  A rheostat R is
provided in the exciter circuit and its value is set to give the required excitation.  This rheostat is put
in and out of the exciter circuit by the regulator, thus varying the exciter voltage to maintain the
desired voltage of the alternator.

* As alternator has to be run at constant speed to obtain fixed frequency, therefore, induced e.m.f. of the
alternator cannot be controlled by the adjustment of speed.

† The alternator has large inductance.  If the exciter voltage is increased, the field current will take some time
to reach the steady value.  Therefore, response will not be quick.  However, quick response is necessary to
meet the rapid fluctuations of load.  For this reason, this principle is used.
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(i) Main contact.  There are two levers at the top which carry the main contacts at the facing

ends.  The left-hand lever is controlled by the exciter magnet whereas the right hand lever is
controlled by an a.c. magnet known as main control magnet.

(ii) Exciter magnet.  This magnet is of the ordinary solenoid type and is connected across the
exciter mains.  Its exciting current is, therefore, proportional to the exciter voltage.  The
counter balancing force for the exciter magnet is provided by four coil springs.

(iii) A. C. magnet.  It is also of solenoid type and is energised from a.c. bus-bars.  It carries series
as well as shunt excitation.  This magnet is so adjusted that with normal load and voltage at
the alternator, the pulls of the two coils are equal and opposite, thus keeping the right-hand
lever in the horizontal position.

(iv) Differential relay.  It essentially consists of a U-shaped relay magnet which operates the
relay contacts.  The relay magnet has two identical windings wound differentially on both
the limbs.  These windings are connected across the exciter mains–the left hand one perma-
nently while the right hand one has its circuit completed only when the main contacts are
closed.  The relay contacts are arranged to shunt the exciter-field rheostat R.  A capacitor is
provided across the relay contacts to reduce the sparking at the time the relay contacts are
opened.

Operation.  The two control magnets (i.e. exciter magnet and a.c. magnet) are so adjusted that
with normal load and voltage at the alternator, their pulls are equal, thus keeping the main contacts
open.  In this position of main contacts, the relay magnet remains energised and pulls down the
armature carrying one relay contact.  Consequently, relay contacts remain open and the exciter field
rheostat is in the field circuit.

When the load on the alternator increases, its terminal voltage tends to fall.  This causes the
series excitation to predominate and the a.c. magnet pulls down the right-hand lever to close the main
contacts.  Consequently, the relay magnet is *de-energised and releases the armature carrying the
relay contact.  The relay contacts are closed and the rheostat R in the field circuit is short circuited.
This increases the exciter-voltage and hence the excitation of the alternator.  The increased excitation
causes the alternator voltage to rise quickly.  At the same time, the excitation of the exciter magnet is
increased due to the increase in exciter voltage.  Therefore, the left-hand lever is pulled down, open-
ing the main contacts, energising the relay magnet and putting the rheostat R again in the field circuit
before the alternator voltage has time to increase too far.  The reverse would happen should the load
on the alternator decrease.

It is worthwhile to mention here that exciter voltage is controlled by the rapid opening and
closing of the relay contacts.  As the regulator is worked on the overshooting the mark principle,
therefore, the terminal voltage does not remain absolutely constant but oscillates between the maxi-
mum and minimum values.  In fact, the regulator is so quick acting that voltage variations never
exceed ± 1%.

15.615.615.615.615.6    Br   Br   Br   Br   Brown-Boveri  Regulatorown-Boveri  Regulatorown-Boveri  Regulatorown-Boveri  Regulatorown-Boveri  Regulator

In this type of regulator, exciter field rheostat is varied continuously or in small steps instead of being
first completely cut in and then completely cut out as in Tirril regulator.  For this purpose, a regulating
resistance is connected in series with the field circuit of the exciter.  Fluctuations in the alternator
voltage are detected by a control device which actuates a motor.  The motor drives the regulating
rheostat and cuts out or cuts in some resistance from the rheostat, thus changing the exciter and hence
the alternator voltage.

Construction.  Fig. 15.2 shows the schematic diagram of a Brown-Boveri voltage regulator.  It

* Because the windings are wound differentially on the two limbs.
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also works on the “overshooting the mark principle” and has the
following four important parts :

(i) Control system.  The control system is built on the prin-
ciple of induction motor.  It consists of two windings A
and B on an annular core of laminated sheet steel.  The
winding A  is excited from  two of the generator termi-
nals through resistances U and U′ while a resistance R
is inserted in the circuit of winding B.  The ratio of
resistance to reactance of the two windings are suitably
adjusted so as to create a phase difference of currents
in the two windings.  Due to the phase difference of
currents in the two windings, rotating magnetic field is
set up.  This  produces electromagnetic torque on the
thin aluminium drum C carried by steel spindle ; the
latter being supported at both ends by jewel bearings.
The torque on drum C varies with the terminal voltage
of the alternator.  The variable resistance U′ can also
vary the torque on the drum.  If the resistance is increased, the torque is decreased and vice-
versa.  Therefore, the variable resistance U′ provides a means by which the regulator may be
set to operate at the desired voltage.

(ii) Mechanical control torque.  The electric torque produced by the current in the split phase
winding is opposed by a combination of two springs (main spring and auxiliary spring)
which produce a constant mechanical torque irrespective of the position of the drum. Under
steady deflected state, mechanical torque is equal and opposite to the electric torque.

(iii) Operating system.  It consists of a field rheostat with contact device.  The rheostat consists
of a pair of resistance elements connected to the stationary contact blocks CB.  These two
resistance sectors R are connected in series with each other and then in series with the field
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circuit of the exciter.  On the inside surface of the contact blocks roll the contact sectors CS.
When the terminal voltage of the alternator changes, the electric torque acts on the drum.
This causes the contact sectors to roll over the contact blocks, cutting in or cutting out
rheostat resistance in the exciter field circuit.

(iv) Damping torque.  The regulator is made stable by damping mechanism which consists of an
aluminium disc O rotating between two permanent magnets m.  The disc is geared to the
rack of an aluminium sector P and is fastened to the aluminium drum C by means of a
flexible spring S acting as the recall spring.  If there is a change in the alternator voltage, the
eddy currents induced in the disc O produce the necessary damping torque to resist quick
response of the moving system.

Operation.  Suppose that resistances U and U′ are so adjusted that terminal voltage of the alter-
nator is normal at position 1.  In this position, the electrical torque is counterbalanced by the mechani-
cal torque and the moving system is in equilibrium.  It is assumed that electrical torque rotates the
shaft in a clockwise direction.

Now imagine that the terminal voltage of the alternator rises due to decrease in load on the
supply system.  The increase in the alternator voltage will cause an increase in electrical torque which
becomes greater than the mechanical torque.  This causes the drum to rotate in clockwise direction,
say to position 3.  As a result, more resistance is inserted in the exciter circuit, thereby decreasing the
field current and hence the terminal voltage of the alternator.  Meanwhile, the recall spring S is
tightened and provides a counter torque forcing the contact roller back to position 2 which is the
equilibrium position.  The damping system prevents the oscillations of the system about the equilib-
rium position.

15.715.715.715.715.7    T   T   T   T   Tap-Changing  Tap-Changing  Tap-Changing  Tap-Changing  Tap-Changing  Transforransforransforransforransformersmersmersmersmers

The excitation control method is satisfactory only for relatively short lines.  However, it is *not
suitable for long lines as the voltage at the alternator terminals will have to be varied too much in
order that the voltage at the far end of the line may be constant.  Under such situations, the problem of
voltage control can be solved by employing other methods.  One important method is to use tap-
changing transformer and is commonly employed where main transformer is necessary.  In this method,
a number of tappings are provided on the secondary of the transformer.  The voltage drop in the line
is supplied by changing the secondary e.m.f. of the transformer through the adjustment of its number
of turns.

(i) Off load tap-changing transformer.
Fig. 15.4 shows the arrangement where a num-
ber of tappings have been provided on the sec-
ondary.  As the position of the tap is varied, the
effective number of secondary turns is varied
and hence the output voltage of the secondary
can be changed.  Thus referring to Fig. 15.4,
when the movable arm makes contact with stud
1, the secondary voltage is minimum and when
with stud 5, it is maximum.  During the period of light load, the voltage across the primary is not much
below the alternator voltage and the movable arm is placed on stud 1.  When the load increases, the
voltage across the primary drops, but the secondary voltage can be kept at the previous value by
placing the movable arm on to a higher stud.  Whenever a tapping is to be changed in this type of
transformer, the load is kept off and hence the name off load tap-changing transformer.

* In a long line, difference in the receiving-end voltage between no load and full-load conditions is quite
large.
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The principal disadvantage of the circuit arrangement shown in Fig. 15.4 is that it cannot be used
for tap-changing on load.  Suppose for a moment that tapping is changed from position 1 to position
2 when the transformer is supplying load.  If contact with stud 1 is broken before contact with stud 2
is made, there is break in the circuit and arcing results.  On the other hand, if contact with stud 2 is
made before contact with stud 1 is broken, the coils connected between these two tappings are short-
circuited and carry damaging heavy currents.  For this reason, the above circuit arrangement cannot
be used for tap-changing on load.

(ii) On-load tap-changing transformer.  In supply system, tap-changing has normally to be
performed on load so that there is no interruption to supply.  Fig. 15.5 shows diagrammatically one
type of on-load tap-changing transformer.  The sec-
ondary consists of two equal parallel windings
which have similar tappings 1a ...... 5a and 1b .........
5b.  In the normal working conditions, switches a,
b and tappings with the same number remain closed
and each secondary winding carries one-half of the
total current.  Referring to Fig. 15.5, the second-
ary voltage will be maximum when switches a, b
and 5a, 5b are closed.  However, the secondary
voltage will be minimum when switches a, b and
1a, 1b are closed.

Suppose that the transformer is working with
tapping position at 4a, 4b and it is desired to alter
its position to 5a, 5b.  For this purpose, one of the switches a and b, say a, is opened.  This takes the
secondary winding controlled by switch a out of the circuit.  Now, the secondary winding controlled
by switch b carries the total current which is twice its rated capacity.  Then the tapping on the discon-
nected winding is changed to 5a and switch a is closed.  After this, switch b is opened to disconnect
its winding, tapping position on this winding is changed to 5b and then switch b is closed.  In this way,
tapping position is changed without interrupting the supply.  This method has the following disadvan-
tages :

(i) During switching, the impedance of transformer is increased and there will be a voltage
surge.

(ii) There are twice as many tappings as the voltage steps.

15.815.815.815.815.8   Auto-T  Auto-T  Auto-T  Auto-T  Auto-Transforransforransforransforransformer  Tmer  Tmer  Tmer  Tmer  Tap-changingap-changingap-changingap-changingap-changing

Fig. 15.6 shows diagrammatically auto-transformer
tap changing.  Here, a mid-tapped auto-transformer
or reactor is used.  One of the lines is connected to
its mid-tapping.  One end, say a of this transformer
is connected to a series of switches across the odd
tappings and the other end b is connected to switches
across even tappings.  A short-circuiting switch S is
connected across the auto-transformer and remains
in the closed position under normal operation.  In
the normal operation, there is *no inductive voltage
drop across the auto-transformer.  Referring to Fig.
15.6, it is clear that with switch 5 closed, minimum

* In the normal operation, switch S remains closed so that half the total current flows through each half of the
reactor.  Since the currents in each half of the reactor are in opposition, no resultant flux is set up and
consequently there is no inductive voltage drop across it.
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secondary turns are in the circuit and hence the output voltage will be the lowest.  On the other hand,
the output voltage will be maximum when switch 1 is closed.

Suppose now it is desired to alter the tapping point from position 5 to position 4 in order to raise
the output voltage.  For this purpose, short-circuiting switch S is opened, switch 4 is closed, then
switch 5 is opened and finally short-circuiting switch is closed.  In this way, tapping can be changed
without interrupting the supply.

It is worthwhile to describe the electrical phenomenon occurring during the tap changing.  When
the short-circuiting switch is opened, the load current flows through one-half of the reactor coil so
that there is a voltage drop across the reactor.  When switch 4 is closed, the turns between points 4 and
5 are connected through the whole reactor winding.  A circulating current flows through this local
circuit but it is limited to a low value due to high reactance of the reactor.

15.915.915.915.915.9   Booster    Booster    Booster    Booster    Booster  TTTTTransfransfransfransfransfororororormermermermermer

Sometimes it is desired to control the voltage of a transmission line at a point far away from the main
transformer.  This can be conveniently achieved by the use of a booster transformer as shown in Fig.
15.7.  The secondary of the booster transformer is connected in series with the line whose voltage is
to be controlled.  The primary of this transformer is supplied from a regulating transformer *fitted
with on-load tap-changing gear.  The booster transformer is connected in such a way that its second-
ary injects a voltage in phase with the line voltage.

The voltage at AA is maintained constant by tap-changing gear
in the main transformer.  However, there may be considerable volt-
age drop between AA and BB due to fairly long feeder and tapping
of loads.  The voltage at BB is controlled by the use of regulating

transformer and
booster transformer.
By changing the tap-
ping on the regulating
transformer, the mag-
nitude of the voltage
injected into the line
can be varied.  This
permits to keep the
voltage at BB to the de-

sired value.  This method of voltage control has three disadvantages.
Firstly, it is more expensive than the on-load tap-changing trans-
former.  Secondly, it is less efficient owing to losses in the booster and thirdly more floor space is
required.  Fig. 15.8 shows a three-phase booster transformer.

* The on-load tap-changing gear is omitted from the diagram for the sake of simplicity.

Booster  Transformer
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* From electrical point of view, it is immaterial whether the rotor or stator carries the primary winding.

15.1015.1015.1015.1015.10  Induction   Regulators Induction   Regulators Induction   Regulators Induction   Regulators Induction   Regulators

An induction regulator is essentially a constant voltage transformer, one winding of which can be
moved w.r.t. the other, thereby obtaining a variable secondary voltage.  The primary winding is con-
nected across the supply while the secondary winding is connected in series with the line whose
voltage is to be controlled.  When the position of one winding is changed w.r.t. the other, the second-
ary voltage injected into the line also changes.  There are two types of induction regulators viz. single
phase and 3-phase.

(i) Single-phase induction regulator.  A single phase induction regulator is illustrated in Fig.
15.9.  In construction, it is similar to a single phase induction motor except that the rotor is not
allowed to rotate continuously but can be adjusted in any position either manually or by a small
motor.  The primary winding A B is wound on the *stator and is connected across the supply line.  The
secondary winding CD is wound on the rotor and is connected in series with the line whose voltage is
to be controlled.

The primary exciting current produces an alternating flux that induces an alternating voltage in
the secondary winding CD.  The magnitude of voltage induced in the secondary depends upon its
position w.r.t. the primary winding.  By adjusting the rotor to a suitable position, the secondary volt-
age can be varied from a maximum positive to a maximum negative value.  In this way, the regulator
can add or subtract from the circuit voltage according to the relative positions of the two windings.
Owing to their greater flexibility, single phase regulators are frequently used for voltage control of
distribution primary feeders.

(ii) Three-phase induction regulator.  In construction, a 3-phase induction regulator is similar
to a 3-phase induction motor with wound rotor except that the rotor is not allowed to rotate continu-
ously but can be held in any position by means of a  worm gear.  The primary windings either in star
or delta are wound on the stator and are connected across the supply.  The secondary windings are
wound on the rotor and the six terminals are brought out since these windings are to be connected in
series with the line whose voltage is to be controlled.
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When polyphase currents flow through the primary wind-
ings, a rotating field is set up which induces an e.m.f. in each
phase of rotor winding.  As the rotor is turned, the magnitude of
the rotating flux is not changed; hence the rotor e.m.f. per phase
remains constant.  However, the variation of the position of the
rotor will affect the phase of the rotor e.m.f. w.r.t. the applied
voltage as shown in Fig. 15.11.  The input primary voltage per
phase is V p and the boost introduced by the regulator is V r.  The
output voltage V  is the vector sum of V p and V r.  Three phase
induction regulators are used to regulate the voltage of feeders
and in connection with high voltage oil testing transformers.

15.1115.1115.1115.1115.11 VVVVVoltage  Controltage  Controltage  Controltage  Controltage  Control  by  Synchrol  by  Synchrol  by  Synchrol  by  Synchrol  by  Synchronous  Condenseronous  Condenseronous  Condenseronous  Condenseronous  Condenser

The voltage at the receiving end of a transmission line can be controlled by installing specially
designed synchronous motors called *synchronous condensers at the receiving end of the line.  The
synchronous condenser supplies wattless leading kVA to the line depending upon the excitation of the
motor.  This wattless leading kVA partly or fully cancels the wattless lagging kVA of the line, thus
controlling the voltage drop in the line.  In this way, voltage at the receiving end of a transmission line
can be kept constant as the load on the system changes.

For simplicity, consider a short transmission line where the effects of capacitance are neglected.
Therefore, the line has only resistance and inductance.  Let V 1 and V 2 be the per phase sending end
and receiving end voltages respectively.  Let I2 be the load current at a lagging power factor of cos φ2.

(i) Without synchronous condenser.  Fig. 15.12 (i) shows the transmission line with resis-
tance R and inductive reactance X  per phase.  The load current I2 can be resolved into two
rectangular components viz Ip in phase with V 2 and Iq at right angles to V 2 [See Fig. 15.12
(ii)].  Each component will produce resistive and reactive drops ; the resistive drops being in
phase with and the reactive drops in quadrature leading with the corresponding currents.
The vector addition of these voltage drops to V 2 gives the sending end voltage V 1.

(ii) With synchronous condenser.  Now suppose that a synchronous condenser taking a lead-
ing current **Im is connected at the receiving end of the line.  The vector diagram of the
circuit becomes as shown in Fig. 15.13.  Note that since Im and Iq are in direct opposition and
that Im must be greater than Iq, the four drops due to these two currents simplify to :

* By changing the excitation of a synchronous motor, it can be made to take a leading power factor.  A
synchronous motor at no load and taking a leading power factor is known as a synchronous condenser.  It
is so called because the characteristics of the motor then resemble with that of a condenser.

** Neglecting the losses of the synchronous condenser, Im will lead V 2 by 90o.
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(Im − Iq) R in phase with Im

and (Im − Iq) X  in quadrature leading with Im

From the vector diagram, the relation between V 1 and V 2 is given by ;

OE2 = (OA + A B − DE)2 + (BC + CD)2

or V1
2 = [V 2 + IpR − (Im − Iq) X ]2 + [IpX  + (Im − Iq) R]2

From this equation, the value of Im can be calculated to obtain any desired ratio of V 1/V 2 for a
given load current and power factor.

kVAR capacity of condenser = 
3
1000

2V Im

Example 15.1.  A load of 10,000 kW at a power factor of 0·8 lagging is supplied by a 3-phase
line whose voltage has to be maintained at 33kV at each end.  If the line resistance and reactance per
phase are 5 Ω and 10 Ω respectively, calculate the capacity of the synchronous condenser to be
installed for the purpose.  Comment on the result.

Solution.

Load current, I2 = 10 000 10

3 33 10 0 8
218

3

3
, ×

× × × ⋅
= A

∴ Ip = I2 cos φ2 = 218 × 0·8 = 174·4 A

Iq = I2 sin φ2 = 218 × 0·6 = 130·8 A
R = 5 Ω ; X  = 10 Ω

Synchronous  Condenser
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Sending-end voltage/phase, V 1 = Receiving end voltage/phase (V 2)

=
3 3 10

3

3×
 = 19,053 V

Let Im be the current taken by the synchronous condenser.  Referring to Fig. 15.13,
(19,053)2 = [19,053 + 174·4 × 5 − 10 (Im − 130·8)]2

+ [174·4 × 10 + (Im − 130·8)5]2

Solving this equation, we get, Im = 231 A

Capacity of synchronous condenser =
3
1000

3 19 053 231
1000

2V Im kVAR kVAR= × ×,

= 13,203 kVAR
Comments.  This example shows that kVA capacity of the synchronous condenser is consider-

ably greater than the kVA capacity of the load viz 13203 against 10000/0·8 = 12,500.  Since the cost
of synchronous condenser is usually very high, it would not be an economical proposition to have the
same sending end and receiving end voltages.  In practice, the synchronous condenser is operated in
such a way so as to allow a small drop in the line.

Example 15.2.  A 3-phase overhead line has resistance and reactance per phase of 5 Ω and 20
Ω  respectively.  The load at the receiving end is 25 MW at 33 kV and a power factor of 0·8 lagging.
Find the capacity of the synchronous condenser required for this load condition if it is connected at
the receiving end and the line voltages at both ends are maintained at 33 kV.

Solution.

Load current,  I2 = 25  10 A
6×

× × ⋅
= ⋅

3 33000 0 8
546 8

∴ Ip = I2 cos φ2 = 546·8 × 0·8 = 437·4 A

Iq = I2 sin φ2 = 546·8 × 0·6 = 328·1 A

R = 5 Ω ; X  = 20 Ω
Sending end voltage/phase, V1 = Receiving end voltage/phase, V 2

=
33  10 V

3× =
3

19053

Let Im be the current taken by the synchronous condenser.  Then,

V1
2 = [V 2 + IpR − (Im − Iq) × X ]2 + [IpX  + (Im − Iq) R]2

or (19053)2 = [19053 + 437·4 × 5 − (Im − 328·1) × 20]2

+ [437·4 × 20 + (Im − 328·1) × 5]2

On solving this equation, we get, Im = 579·5 A

Capacity of synchronous condenser       =  
3

10

3 19 053 579 5

10
2

6 6

V Im MVAR = × × ⋅, = 33·13 MVAR

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. A 3-phase line having an impedance of (5 + j 20) ohms per phase delivers a load of 30 MW at a p.f. of
0·8 lagging and voltage 33 kV.  Determine the capacity of the synchronous condenser required to be
installed at the receiving end if voltage at the sending end is to be maintained at 33 kV.

[42·78 MVAR]
2. A 12500 kVA load is supplied at a power factor of 0·8 lagging by a 3-phase transmission line whose

voltage is to be maintained at 33 kV at both ends.  Determine the capacity of the synchronous condenser
to be installed at the receiving end.  The impedance of the line is (4 + j 12) ohms per phase.

[11490 kVAR]
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SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures :
(i) The statutory limit of voltage variations is ............ of the declared voltage at consumer’s terminals.

(ii) In the automatic voltage regulators used at the generating station, the ............ principle is used.

(iii) The voltage variations in a Brown-Boveri regulator never exceed ............

(iv) In a Tirril regulator, a ............ resistance is cut in and out of the exciter field circuit of the alternator.

(v) In practice, tap-changing is performed on load so that there is ............ to supply.

(vi) Induction regulators are used for voltage control in ............ system.

(vii) A synchronous condenser is generally installed at the ............ end of a transmission line.

(viii) The principal cause of voltage variation is the change of ............ on the system.

(ix) In a Tirril regulator, capacitor is provided across the relay contacts to reduce ............ at the time
relay contacts are opened.

2. Pick up the correct words/figures from brackets and fill in the blanks :
(i) The voltage control equipment is used at ............ in the power system.

(one point, more than one point)

(ii) The mechanical control torque in a Brown-Boveri regulator is ............ whatever may be the position
of drum. (constant, variable)

(iii) The excitation control method is suitable only for ............ lines. (short, long)

(iv) It is ............ to maintain the same voltage at both ends of a transmission line by synchronous con-
denser method. (economical, not economical).

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

1. (i) ± 6%  (ii) overshooting the mark  (iii) ± 1%  (iv) regulating  (v) no interruption  (vi) primary distribu-
tion  (vii) receiving  (viii) load  (ix) arcing

2. (i) more than one point  (ii) constant  (iii) short  (iv) not economical.

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. Discuss the importance of voltage control in the modern power system.

2. What are the various methods of voltage control in a power system ?

3. Describe with the aid of neat sketch the construction and working of a Tirril regulator.

4. Explain the construction and working of Brown-Boveri regulator with a neat sketch.

5. Describe the off-load tap changing transformer method of voltage control.  What are the limitations of
the method ?

6. Explain with a neat sketch :

(i) On-load tap-changing transformer

(ii) Auto-transformer tap-changing

7. What do you understand by induction regulators ? Describe single phase and three phase induction
regulators.

8. Describe the synchronous condenser method of voltage control for a transmission line.  Illustrate your
answer with a vector diagram.

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. Voltage control equipment is generally located at more than one point. Why ?

2. Tap-changing is generally performed on load.  Why ?

3. Why do we use overshooting the mark principle in automatic voltage regulators ?
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Introduction  to  Switchgear

16.1 Switchgear

16.2 Essential Features of Switchgear

16.3 Switchgear Equipment

16.4 Bus-Bar Arrangements

16.5 Switchgear Accommodation

16.6 Short-Circuit

16.7 Short-Circuit Currents

16.8 Faults in a Power System

GeneralGeneralGeneralGeneralGeneral

A great demand for electrical energy is a
notable feature of modern civilisation.
Most of this energy is needed for light-

ing, heating, domestic appliances, industrial elec-
trical machinery and electric traction.  The im-
portance of electric supply in everyday life has
reached such a stage that it is desirable to protect
the power system from harm during fault condi-
tions and to ensure maximum continuity of sup-
ply.  For this purpose, means must be provided to
switch on or off generators, transmission lines,
distributors and other equipment under both nor-
mal and abnormal conditions.  This is achieved
by an apparatus called switchgear.  A switchgear
essentially consists of switching and protecting
devices such as switches, fuses, circuit breakers,
relays etc.

During normal operation, switchgear permits
to switch on or off generators, transmission lines,
distributors and other electrical equipment.  On
the other hand, when a failure (e.g. short circuit)
occurs on any part of power system, a heavy cur-
rent flows through the equipment, threatening
damage to the equipment and interruption of ser-
vice to the customers.  However, the switchgear
detects the fault and disconnects the unhealthy
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section from the system.  In this way, switchgear protects the system from the damage and ensures
continuity of supply.  In this chapter, we shall present the elementary introduction to switchgear.

16.116.116.116.116.1   Switchgear  Switchgear  Switchgear  Switchgear  Switchgear

The apparatus used for switching, controlling and protecting the electrical circuits and equipment is
known as switchgear.

The switchgear equipment is essentially concerned with switching and interrupting currents
either under normal or abnormal operating conditions.  The tumbler switch with ordinary fuse is the
simplest form of switchgear and is used to control and protect lights and other equipment in homes,
offices etc.  For circuits of higher rating, a high-rupturing capacity (H.R.C.) fuse in conjuction with a
switch may serve the purpose of controlling and protecting the circuit.  However, such a switchgear
cannot be used profitably on high voltage system (3·3 kV) for two reasons.  Firstly, when a fuse
blows, it takes sometime to replace it and consequently there is interruption of service to the custom-
ers.  Secondly, the fuse cannot successfully interrupt large fault currents that result from the faults on
high voltage system.

With the advancement of power system, lines and other equipments operate at high voltages and
carry large currents.  When a short circuit occurs on the system, heavy current flowing through the
equipment may cause considerable damage.  In order to interrupt such heavy fault currents, auto-
matic circuit breakers (or simply circuit breakers) are used.  A circuit breaker is a switchgear which
can open or close an electrical circuit under both normal and abnormal conditions.  Even in instances
where a fuse is adequate, as regards to breaking capacity, a circuit breaker may be preferable.  It is
because a circuit breaker can close circuits, as well as break them without replacement and thus has
wider range of use altogether than a fuse.

16.216.216.216.216.2   Essential  Featur  Essential  Featur  Essential  Featur  Essential  Featur  Essential  Features  of  Switchgeares  of  Switchgeares  of  Switchgeares  of  Switchgeares  of  Switchgear

The essential features of switchgear are :
(i) Complete reliability.  With the continued trend of interconnection and the increasing

capacity of generating stations, the need for a reliable switchgear has become of paramount impor-
tance.  This is not surprising because switchgear is added to the power system to improve the reliabil-
ity.  When fault occurs on any part of the power system, the switchgear must operate to isolate the
faulty section from the remainder circuit.

(ii) Absolutely certain discrimination.  When fault occurs on any section of the power system,
the switchgear must be able to discriminate between the faulty section and the healthy section.  It
should isolate the faulty section from the system without affecting the healthy section.  This will
ensure continuity of supply.

(iii) Quick operation.  When fault occurs on any part of the power system, the switchgear must
operate quickly so that no damage is done to generators, transformers and other equipment by the
short-circuit currents. If fault is not cleared by switchgear quickly, it is likely to spread into healthy
parts, thus endangering complete shut down of the system.

(iv) Provision for manual control.  A switchgear must have provision for manual control.  In
case the electrical (or electronics) control fails, the necessary operation can be carried out through
manual control.

(v) Provision for instruments.  There must be provision for instruments which may be required.
These may be in the form of ammeter or voltmeter on the unit itself or the necessary current and
voltage transformers for connecting to the main switchboard or a separate instrument panel.

16.316.316.316.316.3   Switchgear   Equipment  Switchgear   Equipment  Switchgear   Equipment  Switchgear   Equipment  Switchgear   Equipment

Switchgear covers a wide range of equipment concerned with switching and interrupting currents
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under both normal and abnormal conditions.  It includes switches, fuses, circuit breakers, relays and
other equipment.  A brief account of these devices is given below.  However, the reader may find the
detailed discussion on them in the subsequent chapters.

1. Switches.  A switch is a device which is used to open or close an electrical circuit in a
convenient way.  It can be used under full-load or no-load conditions but it cannot interrupt the fault
currents.  When the contacts of a switch are opened, an *arc is produced in the air between the
contacts.  This is particularly true for circuits of high voltage and large current capacity.  The switches
may be classified into (i) air switches  (ii) oil switches.  The contacts of the former are opened in air
and that of the latter are opened in oil.

(i) Air-break switch.  It is an air switch and is designed to open a circuit under load.  In order to
quench the arc that occurs on opening such a  switch, special arcing horns are provided.  Arcing horns
are pieces of metals between which arc is formed during opening operation.  As the switch opens,
these horns are spread farther and farther apart.  Consequently, the arc is lengthened, cooled and
interrupted.  Air-break switches are generally used outdoor for circuits of medium capacity such as
lines supplying an industrial load from a main transmission line or feeder.

(ii) Isolator or disconnecting switch.  It is essentially a knife switch and is designed to open a
circuit under no load.  Its main purpose is to isolate one portion of the circuit from the other and is not
intended to be opened while current is flowing in the line.  Such switches are generally used on both
sides of circuit breakers in order that repairs and replacement of circuit breakers can be made without
any danger.  They should never be opened until the circuit breaker in the same circuit has been opened
and should always be closed before the circuit breaker is closed.

(iii) Oil switches.  As the name implies, the contacts of such switches are opened under oil,
usually transformer oil.  The effect of oil is to cool and quench the arc that tends to form when the
circuit is opened.  These switches are used for circuits of high voltage and large current carrying
capacities.

2. Fuses.  A fuse is a short piece of wire or thin strip which melts when excessive current flows
through it for sufficient time.  It is inserted in series with the circuit to be protected.  Under normal
operating conditions, the fuse element it at a temperature below its melting point.  Therefore, it
carries the normal load current without overheating.  However, when a short circuit or overload
occurs, the current through the fuse element increases beyond its rated capacity.  This raises the
temperature and the fuse element melts (or blows out), disconnecting the circuit protected by it.  In

* Generally, the load contains reactive elements (inductance and capacitance).  The sudden change of current
in the circuit due to breaking results in the production of large induced e.m.f. (several thousand volts)
which ruptures the insulation of air inbetween the contacts, causing a spark.

Air - break Switch Isolator  Switch
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* The circuit to be protected carries a large current (normal or fault current) and is reduced to a suitable value
for relay operation with the help of a current transformer.

this way, a fuse protects the machines and equipment from damage due to excessive currents.  It is
worthwhile to note that a fuse performs both detection and interruption functions.

3. Circuit breakers.  A circuit breaker is an equipment which can open or close a circuit under
all conditions viz. no load, full load and fault conditions.  It is so designed that it can be operated
manually (or by remote control) under normal conditions and automatically under fault conditions.
For the latter operation, a relay circuit is used with a circuit breaker.  Fig. 16.1 (i) shows the parts of
a typical oil circuit breaker whereas Fig. 16.1 (ii) shows its control by a relay circuit.  The circuit
breaker essentially consists of moving and fixed contacts enclosed in strong metal tank and immersed
in oil, known as transformer oil.

Under normal operating conditions, the contacts remain closed and the circuit breaker carries the
full-load current continuously.  In this condition, the e.m.f. in the secondary winding of current
transformer (C.T.) is insufficient to operate the trip coil of the breaker but the contacts can be opened
(and hence the circuit can be opened) by manual or remote control.  When a fault occurs, the resulting
overcurrent in the C.T. primary winding increases the secondary e.m.f.  This energises the trip coil of
the breaker and moving contacts are pulled down, thus opening the contacts and hence the circuit.
The arc produced during the opening operation is quenched by the oil.  It is interesting to note that
relay performs the function of detecting a fault whereas the circuit breaker does the actual circuit
interruption.

4. Relays.  A relay is a device which detects the fault and supplies information to the breaker
for circuit interruption.  Fig. 16.1 (ii) shows a typical relay circuit.  It can be divided into three parts viz.

(i) The primary winding of a *current transformer (C.T.) which is connected in series with the
circuit to be protected.  The primary winding often consists of the main conductor itself.

(ii) The second circuit is the secondary winding of C.T. connected to the relay operating coil.
(iii) The third circuit is the tripping circuit which consists of a source of supply, trip coil of

circuit breaker and the relay stationary contacts.
Under normal load conditions, the e.m.f. of the secondary winding of C.T. is small and the

current flowing in the relay operating coil is insufficient to close the relay contacts.  This keeps the
trip coil of the circuit breaker unenergised.  Consequently, the contacts of the circuit breaker remain
closed and it carries the normal load current.  When a fault occurs, a large current flows through the
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primary of C.T.  This increases the secondary e.m.f. and hence the current through the relay operating
coil.  The relay contacts are closed and the trip coil of the circuit breaker is energised to open the
contacts of the circuit breaker.

16.416.416.416.416.4   Bus-Bar    Arrangements  Bus-Bar    Arrangements  Bus-Bar    Arrangements  Bus-Bar    Arrangements  Bus-Bar    Arrangements

When a number of generators or feeders operating at the same voltage have to be directly connected
electrically, bus-bars are used as the common electrical component.  *Bus-bars are copper rods or
thin walled tubes and operate at constant voltage.  We shall discuss some important bus-bars arrange-
ments used for power stations and sub-stations.  All the diagrams refer to 3-phase arrangement but are
shown in single-phase for simplicity.

(1) Single Bus-bar System.  The single bus-
bar system has the simplest design and is used for
power stations.  It is also used in small outdoor
stations having relatively few outgoing or incom-
ing feeders and lines.  Fig. 16.2 shows the single
bus-bar system for a typical power station.  The
generators, outgoing lines and transformers are
connected to the bus-bar.  Each generator and
feeder is controlled by a circuit breaker.  The iso-
lators permit to isolate generators, feeders and cir-
cuit breakers from the bus-bar for maintenance.
The chief advantages of this type of arrangement
are low initial cost, less maintenance and simple
operation.

Disadvantages.  Single bus-bar system has the
following three principal disadvantages :

(i) The bus-bar cannot be cleaned, repaired
or tested without de-energising the whole system.

(ii) If a fault occurs on the bus-bar itself, there is complete interruption of supply.
(iii) Any fault on the system is fed by all the generating capacity, resulting in very large fault

currents.
(2) Single bus-bar system with Sectionalisation.  In large generating stations where several

units are installed, it is a common practice to sectionalise the bus so that fault on any section of the
bus-bar will not cause complete shut down.  This is illustrated in Fig. 16.3 which shows the bus-bar
divided into two sections connected by a circuit breaker and isolators.  Three principal advantages
are claimed for this arrangement.  Firstly, if a fault occurs on any section of the bus-bar, that section
can be isolated without affecting the supply to other sections.  Secondly, if a fault occurs on any
feeder, the fault current is much **lower than with unsectionalised bus-bar.  This permits the use of
circuit breakers of lower capacity in the feeders.  Thirdly, repairs and maintenance of any section of
the bus-bar can be carried out by de-energising that section only, eliminating the possibility of com-
plete shut-down.

It is worthwhile to keep in mind that a circuit breaker should be used as the sectionalising switch
so that uncoupling of the bus-bars may be carried out safely during load transfer.  Moreover, the
circuit breaker itself should be provided with isolators on both sides so that its maintenance can be
done while the bus-bars are alive.

* The term bus is derived from the word omnibus, meaning collector of things.  Thus, electrical bus-bar is
the collector of electrical energy at one location.

** because a feeder fault is fed from one section only.
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(3) Duplicate bus-bar system.  In large stations, it is important that breakdowns and mainte-
nance should interfere as little as possible with continuity of supply.  In order to achieve this objec-
tive, duplicate bus-bar system is used in important stations.  Such a system consists of two bus-bars,
a “main bus-bar’’ and a “spare” bus-bar (see Fig. 16.4).  Each generator and feeder may be connected
to either bus-bar with the help of bus coupler which consists of a circuit breaker and isolators.

In the scheme shown
in Fig. 16.4, service is in-
terrupted during switch
over from one bus to an-
other.  However, if it were
desired to switch a circuit
from one to another with-
out interruption of service,
there would have to be two
circuit breakers per circuit.
Such an arrangement will
be too expensive.

Advantages
(i) If repair and maintenance it to be carried on the main bus, the supply need not be interrupted

as the entire load can be transferred to the spare bus.
(ii) The testing of feeder circuit breakers can be done by putting them on spare bus-bar, thus

keeping the main bus-bar undisturbed.
(iii) If a fault occurs on the bus-bar, the continuity of supply to the circuit can be maintained by

transferring it to the other bus-bar.

16.516.516.516.516.5    Switchgear  Accommodation   Switchgear  Accommodation   Switchgear  Accommodation   Switchgear  Accommodation   Switchgear  Accommodation

The main components of a switchgear are circuit breakers, switches, bus-bars, instruments and instru-
ment transformers.  It is necessary to house the switchgear in power stations and sub-stations in such
a way so as to safeguard personnel during operation and maintenance and to ensure that the effects of
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fault on any section of the gear are confined to a limited region.  Depending upon the voltage to be
handled, switchgear may be broadly classified into (i) outdoor type (ii) indoor type.

(i) Outdoor type.  For voltages beyond 66 kV, switchgear equipment is installed outdoor.  It is
because for such voltages, the clearances between conductors and the space required for switches,
circuit breakers, transformers and others equipment become so great that it is not economical to
install all such equipment indoor.

Fig. 16.5 shows a typical outdoor sub-station with switchgear equipment.  The circuit breakers,
isolators, transformers and bus-bars occupy considerable space on account of large electrical clear-
ance associated with high voltages.

(ii) Indoor type.  For voltages below 66 kV, switchgear is generally installed indoor because of
economic considerations.  The indoor switchgear is generally of metal-clad type.  In this type of
construction, all live parts are completely enclosed in an earthed metal casing.  The primary object of
this practice is the definite localisation and restriction of any fault to its place of origin.

16.616.616.616.616.6   Short-Cir  Short-Cir  Short-Cir  Short-Cir  Short-Circuitcuitcuitcuitcuit

Whenever a fault occurs on a network such that a large current flows in one or more phases, a short-
circuit is said to have occurred.

When a short circuit occurs, a heavy current called short circuit current flows through the circuit.
This can be beautifully illustrated by referring to Fig. 16.6 where a single phase generator of voltage
V  and internal impedance Zi is supplying to a load Z.  Under normal conditions, the current in the
circuit is limited by *load impedance Z.  However, if the load terminals get shorted due to any reason,
the circuit impedance is reduced to a very low value ; being Zi in
this case.  As Zi is very small, therefore, a large current flows
through the circuit.  This is called short-circuit current.  It is worth-
while to make a distinction  between a **short-circuit and an
overload.  When a short-circuit occurs, the voltage at fault point
is reduced to zero and current of abnormally high magnitude flows
through the network to the point of fault.  On the other hand, an
overload means that loads greater than the designed values have
been imposed on the system.  Under such conditions, the voltage
at the overload point may be low, but not zero.  The undervoltage conditions may extend for some
distance beyond the overload point into the remainder of the system.  The currents in the overloaded

* As internal impedance Zi of the generator is generally small.
** Note that path of current is shortened and hence the name short circuit current.
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equipment are high but are substantially lower than that in the case of a short-circuit.
Causes of short-circuit.  A short circuit in the power system is the result of some kind of abnor-

mal conditions in the system.  It may be caused due to internal and/or external effects.
(i) Internal effects are caused by breakdown of equipment or transmission lines, from deterio-

ration of insulation in a generator, transformer etc.  Such troubles may be due to ageing of
insulation, inadequate design or improper installation.

(ii) External effects causing short circuit include insulation failure due to lightning surges, over-
loading of equipment causing excessive heating; mechanical damage by public etc.

Effects of short-circuit.  When a short-circuit occurs, the current in the system increases to an
abnormally high value while the system voltage decreases to a low value.

(i) The heavy current due to short-circuit causes excessive heating which may result in fire or
explosion.  Sometimes short-circuit takes the form of an arc and causes considerable damage to the
system.  For example, an arc on a transmission line not cleared quickly will burn the conductor
severely causing it to break, resulting in a long time interruption of the line.

(ii) The low voltage created by the fault has a very harmful effect on the service rendered by the
power system.  If the voltage remains low for even a few seconds, the consumers’ motors may be shut
down and generators on the power system may become unstable.

Due to above deterimental effects of short-circuit, it is desirable and necessary to disconnect the
faulty section and restore normal voltage and current conditions as quickly as possible.

16.716.716.716.716.7   Short-Cir  Short-Cir  Short-Cir  Short-Cir  Short-Circuit  Currcuit  Currcuit  Currcuit  Currcuit  Currentsentsentsentsents
Most of the failures on the power system lead to short-circuit fault and cause heavy current to flow in
the system.  The calculations of these short-circuit currents are important for the following reasons :

(i) A short-circuit on the power system is cleared by a circuit breaker or a fuse.  It is necessary,
therefore, to know the maximum possible values of short-circuit current so that switchgear
of suitable rating may be installed to interrupt them.

(ii) The magnitude of short-circuit current determines the setting and sometimes the types and
location of protective system.

(iii) The magnitude of short-circuit current determines the size of the protective reactors which
must be inserted in the system so that the circuit breaker is able to withstand the fault current.

(iv) The calculation of short-circuit currents enables us to make proper selection of the associ-
ated apparatus (e.g. bus-bars, current transformers etc.) so that they can withstand the forces
that arise due to the occurrence of short circuits.

16.816.816.816.816.8   Faults  in  a  Power  System  Faults  in  a  Power  System  Faults  in  a  Power  System  Faults  in  a  Power  System  Faults  in  a  Power  System
A fault occurs when two or more conductors that normally operate with a potential difference come in
contact with each other.  These faults may be caused by sudden failure of a piece of equipment,
accidental damage or short-circuit to overhead lines or by insulation failure resulting from lightning
surges.  Irrespective of the causes, the faults in a 3-phase system can be classified into two main
categories viz.

(i) Symmetrical faults  (ii) Unsymmetrical faults
(i) Symmetrical faults.  That fault which gives rise to symmetrical fault currents (i.e. equal

faults currents with 120o displacement) is called a symmetrical fault.  The most common example of
symmetrical fault is when all the three conductors of a 3-phase line are brought together simulta-
neously into a short-circuit condition.  The method of calculating fault currents for symmetrical faults
is discussed in chapter 17.

(ii) Unsymmetrical faults.  Those faults which give rise to unsymmetrical currents (i.e. un-
equal line currents with unequal displacement) are called unsymmetrical faults.  The unsymmetrical
faults may take one of the following forms :
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(a) Single line-to-ground fault  (b) Line-to-line fault  (c) Double line-to-ground fault
The great majority of faults on the power system are of unsymmetrical nature; the most common

type being a short-circuit from one line to ground.  The calculations of such fault currents are made by
“symmetrical components” method.  This is fully discussed in chapter 18.

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures.

(i) A fuse is a ........... device.
(ii) A circuit breaker is a ........... device.

(iii) An isolator is designed to open a circuit under ...........
(iv) When a switch is opened, ........... is produced.
(v) Under normal operating conditions, the contacts of the circuit breaker remain ...........

(vi) Under fault conditions, ........... supplies information to the circuit breaker to open.
(vii) If a fault occurs on the bus itself in a single bus-bar system, then there is complete ...........

(viii) The sectionalised bus-bar system gives ........... fault current than that of unsectionalised bus-bar.
(ix) For greater flexibility, ........... bus-bar system is used.
(x) The outdoor type switchgear is generally used for voltages beyond ........... kV.

2. Pick up the correct words/figures from brackets and fill in the blanks.
(i) A fuse performs ........... functions.

(both detection and interruption, interruption)
(ii) The circuit breaker performs ........... function. (detection, circuit interruption)

(iii) For voltages beyond 66 kV, switchgear equipment is installed ...........
(indoor, outdoor)

(iv) Bus-bars operate at ........... voltage. (constant, variable)
(v) Isolator is an ........... switch. (air, oil)

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

1. (i) protective  (ii) circuit interrupting  (iii) no load  (iv)  arc  (v)  closed  (vi) relay  (vii) shut down
 (viii) lower  (ix) duplicate  (x) 66

2. (i) both detection and interruption  (ii) circuit interruption  (iii) outdoor  (iv) constant  (v) air

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. What do you understand by switchgear ?
2. Discuss the various types of switches.
3. What is the difference between

(i) a switch and circuit breaker
(ii) a fuse and circuit breaker ?

4. Discuss the different types of bus-bar arrangements.
5. Explain the various methods of accommodating high-voltage switchgear.

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. What are the limitations of a fuse ?
2. Why do we use C.T. in the relay circuit ?
3. What is the necessity of bus-bar ?
4. Why do we use isolators on both sides of the circuit breaker ?
5. Why are isolators not opened on load ?
6. Which faults ___ symmetrical or unsymmetrical ___ are more frequent in power system and why ?
7. Suddenly a circuit carries a current 20 times the normal current.  Is there possibility of short-circuit or

overload ?
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Symmetrical Fault Calculations

17.1 Symmetrical Faults on 3-Phase System

17.2 Limitation of Fault Current

17.3 Percentage Reactance

17.4 Percentage Reactance and Base kVA

17.5 Short-Circuit kVA

17.6 Reactor Control of Short-Circuit
Currents

17.7 Location of Reactors

17.8 Steps for Symmetrical Fault
Calculations

IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

Most of the faults on the power system
lead to a short-circuit condition.  When
such a condition occurs, a heavy cur-

rent (called short circuit current) flows through
the equipment, causing considerable damage to
the equipment and interruption of service to the
consumers.  There is probably no other subject
of greater importance to an electrical engineer
than the question of determination of short cir-
cuit currents under fault conditions.  The choice
of apparatus and the design and arrangement of
practically every equipment in the power system
depends upon short-circuit current considerations.
In this chapter, we shall confine our discussion to
fault currents due to symmetrical faults.

17.1    Symmetrical  Faults  on  3-Phase17.1    Symmetrical  Faults  on  3-Phase17.1    Symmetrical  Faults  on  3-Phase17.1    Symmetrical  Faults  on  3-Phase17.1    Symmetrical  Faults  on  3-Phase
     SystemSystemSystemSystemSystem

That fault on the power system which gives rise
to symmetrical fault currents (i.e. equal fault cur-
rents in the lines with 120o displacement)  is
called a symmetrical fault.

The symmetrical fault occurs when all the
three conductors of a 3-phase line are brought
together simultaneously into a short-
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circuit condition as shown in Fig. 17.1.  This type of fault gives
rise to symmetrical currents i.e. equal fault currents with 120o

displacement.  Thus referring to Fig. 17.1, fault currents IR, IY
and IB will be equal in magnitude with 120o displacement among
them.  Because of balanced nature of fault, only one* phase
need be considered in calculations since condition in the other
two phases will also be similar.  The following points may be
particularly noted :

(i) The symmetrical fault rarely occurs in practice as ma-
jority of the faults are of unsymmetrical nature.  How-
ever, symmetrical fault calculations are being dis-
cussed in this chapter to enable the reader to under-
stand the problems that short circuit conditions present
to the power system.

(ii) The symmetrical fault is the most severe and imposes
more heavy duty on the circuit breaker.

17.217.217.217.217.2    Limita   Limita   Limita   Limita   Limitation  of  Ftion  of  Ftion  of  Ftion  of  Ftion  of  Fault  Currault  Currault  Currault  Currault  Currententententent

When a short circuit occurs at any point in a system,
the short-circuit current is limited by the impedance
of the system upto the point of fault.  Thus referring to
Fig. 17.2, if a fault occurs on the feeder at point F,
then the short circuit current from the generating sta-
tion will have a value limited by the impedance of gen-
erator and transformer and the impedance of the line
between the generator and the point of fault.  This shows that the knowledge of the impedances of
various equipment and circuits in the line of the system is very important for the determination of
short-circuit currents.

In many situations, the impedances limiting the fault current are largely reactive, such as trans-
formers, reactors and generators.  Cables and lines are mostly resistive, but where the total reactance
in calculations exceeds 3 times the resistance, the latter is usually neglected.  The error introduced by
this assumption will not exceed 5%.

17.317.317.317.317.3   P  P  P  P  Pererererercentage  Reactancecentage  Reactancecentage  Reactancecentage  Reactancecentage  Reactance

The reactance of generators, transformers, reactors etc. is usually expressed in percentage reactance
to permit rapid short circuit calculations.  The percentage reactance of a circuit is defined as under :

It is the percentage of the total phase-voltage dropped in the circuit when full-load current is
flowing i.e.,

%X =
I X
V

× 100 ...(i)

where I = full-load current

V = phase voltage

X = reactance in ohms per phase

* Balanced three-phase faults, like balanced 3-φ loads, may be handled on a line-to-neutral basis.
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* From exp. (i), X =
% % %X V
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Alternatively, percentage reactance (%X) can also be expressed in terms* of kVA and kV as
under :

%X =
kVA

kV

a f
a f

X

10 2 ...(ii)

where X is the reactance in ohms.

If X is the only reactance element in the circuit, then short-circuit current is given by ;

ISC =
V
X

= I × 100
%X
FH IK [By putting the value of X from exp. (i)]

i.e. short circuit current is obtained by multiplying the full-load current by 100/% X.

For instance, if the percentage reactance of an element is 20% and the full-load current is 50 A,
then short-circuit current will be 50 × 100/20 = 250 A when only that element is in the circuit.

It may be worthwhile to mention here the advantage of using percentage reactance instead of
ohmic reactance in short-circuit calculations.  Percentage reactance values remain unchanged as they
are referred through transformers, unlike ohmic reactances which become multiplied or divided by
the square of transformation ratio.  This makes the procedure simple and permits quick calculations.

17.417.417.417.417.4     P    P    P    P    Pererererercentage  Reactance  and  Base  centage  Reactance  and  Base  centage  Reactance  and  Base  centage  Reactance  and  Base  centage  Reactance  and  Base  kkkkkVVVVVAAAAA

It is clear from exp. (ii) above that percentage reactance of an equipment depends upon its kVA
rating.  Generally, the various equipments used in the power system have different kVA ratings.
Therefore, it is necessary to find the percentage reactances of all the elements on a common kVA
rating.  This common kVA rating is known as base kVA.  The value of this base kVA is quite unimpor-
tant and may be :

(i) equal to that of the largest plant

(ii) equal to the total plant capacity

(iii) any arbitrary value

The conversion can be effected by using the following relation :

% age reactance at base kVA =
Base kVA
Rated kVA

 × % age reactance at rated kVA

Thus, a 1000 kVA transformer with 5% reactance will
have a reactance of 10% at 2000 kVA base.

Illustration.  The fact that the value of base kVA
does not affect the short circuit current needs illustration.
Consider a 3-phase transmission line operating at 66 kV
and connected through a 1000 kVA transformer with 5%
reactance to a generating station bus-bar.  The generator
is of 2500 kVA with 10% reactance.  The single line dia-
gram of the system is shown in Fig. 17.3.  Suppose a short-circuit fault between three phases occurs
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at the high voltage terminals of transformer.  It will be shown that whatever value of base kVA we may
choose, the value of short-circuit current will be the same.

(i) Suppose we choose 2500 kVA as the common base kVA.  On this base value, the reactances
of the various elements in the system will be :

Reactance of transformer at 2500 kVA base
= 5 × 2500*/1000 = 12·5%

Reactance of generator at 2500 kVA base
= 10 × 2500/2500 = 10%

Total percentage reactance on the common base kVA

%X = 12·5 + 10 = 22·5%
The full† load current corresponding to 2500 kVA base at 66 kV is given by ;

I = 2500 1000
3 66 1000

×
× ×

 = 21·87 A

∴ Short-circuit current, ISC = I × 100
%X

 = 21·87 × 100
22 5⋅

 = 97·2 A

(ii) Now, suppose we choose 5000 kVA as the common base value.
Reactance of transformer at 5000 kVA base

= 5 × 5000/1000 = 25%
Reactance of generator at 5000 kVA base

= 10 × 5000/2500 = 20%

Total percentage reactance on the common base kVA
%X = 25 + 20 = 45%

Full-load current corresponding to 5000 kVA at 66 kV is

I = 5000 1000
3 66 1000

×
× ×

 = 43·74 A

∴ Short-circuit current, ISC = I × 100
%X

 = 43·74 × 
100
45

 = 97·2 A

which is the same as in the previous case.
From the above illustration, it is clear that whatever may be the value of base kVA, short-circuit

current is the same.  However, in the interest of simplicity, numerically convenient value for the base
kVA should be chosen.

17.517.517.517.517.5    Shor   Shor   Shor   Shor   Short-Cirt-Cirt-Cirt-Cirt-Circuit  cuit  cuit  cuit  cuit  kkkkkVVVVVAAAAA

Although the potential at the point of fault is zero, it is a normal practice to express the short-circuit
current in terms of short-circuit kVA based on the normal system voltage at the point of fault.

The product of normal system voltage and short-circuit current at the point of fault expressed in
kVA is known as short-circuit kVA.

Let V = normal phase voltage in volts

I = full-load current in amperes at base kVA
%X = percentage reactance of the system on base kVA upto

the fault point

* % reactance at base kVA= 
base kVA
rated kVA

 × % reactance at rated kVA

† Full-load current has to be found out for the base kVA selected.
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As proved in Art 17.3,

Short-circuit current, ISC = I 
100
%X
FH IK

∴ Short-circuit kVA for 3-phase circuit

=
3
1000
V ISC

=
3
1000

100V I
X

×
%

= Base kVA × 
100
%X

i.e. short-circuit kVA is obtained by multiplying the base kVA by 100/% X.

17.617.617.617.617.6    Reactor  Contr   Reactor  Contr   Reactor  Contr   Reactor  Contr   Reactor  Control  of  Shorol  of  Shorol  of  Shorol  of  Shorol  of  Short-Cirt-Cirt-Cirt-Cirt-Circuit  Currcuit  Currcuit  Currcuit  Currcuit  Currentsentsentsentsents

With the fast expanding power system, the fault level (i.e. the power available to flow into a fault) is
also rising.  The circuit breakers connected in the power system must be capable of dealing with
maximum possible short-circuit currents that can occur at their points of connection.  Generally, the
reactance of the system under fault conditions is low and fault currents may rise to a dangerously high
value.  If no steps are taken to limit the value of these short-circuit currents, not only will the duty
required of circuit breakers be excessively heavy, but also damage to lines and other equipment will
almost certainly occur.

In order to limit the short-circuit currents to a value which the circuit breakers can handle, addi-
tional reactances known as reactors are connected in series with the system at suitable points.  A
reactor is a coil of number of turns designed to have a large inductance as compared to its ohmic
resistance.  The forces on the turns of these reactors under short-circuit conditions are considerable
and, therefore, the windings must be solidly braced.  It may be added that due to very small resistance
of reactors, there is very little change in the efficiency of the system.
Advantages

(i) Reactors limit the flow of short-circuit current and thus protect the equipment from over-
heating as well as from failure due to destructive mechanical forces.

(ii) Troubles are localised or isolated at the point where they originate without communicating
their disturbing effects to other parts of the power system.  This increases the chances of
continuity of supply.

(iii) They permit the installation of circuit breakers of lower rating.

17.717.717.717.717.7    Location  of  Reactors   Location  of  Reactors   Location  of  Reactors   Location  of  Reactors   Location  of  Reactors

Short circuit current limiting reactors may be con-
nected (i) in series with each generator (ii) in series
with each feeder and (iii) in bus-bars.  No definite
statement can be given as to which one of the above
locations is preferable; each installation has its own
particular demands which must be carefully consid-
ered before a choice of reactor location can be made.

(1) Generator reactors.  When the reactors
are connected in series with each generator, they are
known as generator reactors (see Fig. 17.4).  In this
case, the reactor may be considered as a part of leak-
age reactance of the generator ; hence its effect is to
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protect the generator in the case of any short-circuit beyond the reactors.
Disadvantages

(i) There is a constant voltage drop and power loss in the reactors even during normal
operation.

(ii) If a bus-bar or feeder fault occurs close to the bus-bar, the voltage at the bus-bar will be
reduced to a low value, thereby causing the generators to fall out of step.

(iii) If a fault occurs on any feeder, the continuity of supply to other is likely to be affected.

Due to these disadvantages and also since modern power station generators have sufficiently
large leakage reactance to protect them against short-circuit, it is not a common practice to use sepa-
rate reactors for the generators.

(2) Feeder reactors.  When the reactors are
connected in series with each feeder, they are known
as feeder reactors (see Fig. 17.5).  Since most of
the short-circuits occur on feeders, a large number
of reactors are used for such circuits.  Two princi-
pal advantages are claimed for feeder reactors.
Firstly, if a fault occurs on any feeder, the voltage
drop in its reactor will not affect the bus-bars volt-
age so that there is a little tendency for the genera-
tor to lose synchronism.  Secondly, the fault on a
feeder will not affect other feeders and consequently
the effects of fault are localised.
Disadvantages

(i) There is a constant power loss and voltage drop in the reactors even during normal opera-
tion.

(ii) If a short-circuit occurs at the bus-bars, no protection is provided to the generators.  How-
ever, this is of little importance because such faults are rare and modern generators have
considerable leakage reactance to enable them to withstand short-circuit across their termi-
nals.

(iii) If the number of generators is increased, the size of feeder reactors will have to be increased
to keep the short-circuit currents within the ratings of the feeder circuit breakers.

(3) Bus-bar reactors.  The above two methods of locating reactors suffer from the disadvan-
tage that there is considerable voltage drop and power loss in the reactors even during normal opera-
tion.  This disadvantage can be overcome by locating the reactors in the bus-bars.  There are two
methods for this purpose, namely ;  Ring system and Tie-Bar system.

(i) Ring system.  In this system, bus-bar is di-
vided into sections and these sections are connected
through reactors as shown in Fig. 17.6.  Generally,
one feeder is fed from one generator only.  Under
normal operating conditions, each generator will
supply its own section of the load and very little
power will be fed by other generators.  This results
in low power loss and voltage drop in the reactors.
However, the principal advantage of the system is
that if a fault occurs on any feeder, only one genera-
tor (to which the particular feeder is connected)
mainly feeds the fault current while the current fed
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from other generators is small due to the presence of
reactors.  Therefore, only that section of bus-bar is af-
fected to which the feeder is connected, the other sec-
tions being able to continue in normal operation.

(ii) Tie-Bar system.  Fig. 17.7 shows the tie-bar
system.  Comparing the ring system with tie-bar system,
it is clear that in the tie-bar system, there are effectively
two reactors in series between sections so that reactors
must have approximately half the reactance of those used
in a comparable ring system.  Another advantage of tie-
bar system is that additional generators may be connected
to the system without requiring changes in the existing
reactors.  However, this system has the disadvantage that
it requires an additional bus-bar i.e. the tie-bar.

17.817.817.817.817.8   Steps  for  Symmetrical  Fault  Calculations  Steps  for  Symmetrical  Fault  Calculations  Steps  for  Symmetrical  Fault  Calculations  Steps  for  Symmetrical  Fault  Calculations  Steps  for  Symmetrical  Fault  Calculations

It has already been discussed that 3-phase short-circuit faults result in symmetrical fault currents i.e.
fault currents in the three phases are equal in magnitude but displaced 120o electrical from one an-
other.  Therefore, problems involving such faults can be solved by considering one phase only as the
same conditions prevail in the other two phases.  The procedure for the solution of such faults in-
volves the following steps :

(i) Draw a single line diagram of the complete network indicating the rating, voltage and per-
centage reactance of each element of the network.

(ii) Choose a numerically convenient value of base kVA and convert all percentage reactances
to this base value.

(iii) Corresponding to the single line diagram of the network, draw the reactance diagram show-
ing one phase of the system and the neutral.  Indicate the % reactances on the base kVA in
the reactance diagram.  The transformer in the system should be represented by a reactance
in series.

(iv) Find the total % reactance of the network upto the point of fault.  Let it be X%.
(v) Find the full-load current corresponding to the selected base kVA and the normal system

voltage at the fault point.  Let it be I.

(vi) Then various short-circuit calculations are :

Short-circuit current, ISC = I × 
100
%X

Short-circuit kVA = Base kVA × 
100
%X

Example 17.1.  Fig. 17.8 (i) shows the single line diagram of a 3-phase system.  The percentage
reactance of each alternator is based on its own capacity.  Find the short-circuit current that will
flow into a complete 3-phase short-circuit at F.

Solution.  Let the base kVA be 35,000 kVA.
% Reactance of alternator A at the base kVA is

% XA =
35 000
15 000

,
,  × 30 = 70%

% Reactance of alternator B at the base kVA is

%XB =
35000
20 000

,
,  × 50 = 87·5 %

Line current corresponding to 35000 kVA at 12 kV is
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I = 35 000 10

3 12 10

3

3
, ×
× ×

 = 1684 A

Fig. 17.8 (ii) shows the reactance* diagram of the network at the selected base kVA.

Total % reactance from generator neutral up to fault point is
%X = XA || XB

=
X X

X X
A B

A B+
= × ⋅

+ ⋅
70 87 5
70 87 5

 = 38·89 %

∴ Short-circuit current, ISC = I × 
100
%X

 = 1684 × 
100

38 89⋅  = 4330 A

Alternate method.  The problem can also be solved by component short-circuit current method.
Each alternator supplies short circuit current to the fault.  The total current fed to the fault is the sum
of the two.

Full-load current delivered by alternator A,

IA = Rated kVA of alternator 
3 Bus bar voltage

A
× −

=
15000 10

3 12 10

3

3
×

× ×
 = 721·7 A

∴ Short-circuit current fed to fault by alternator A,

ISA = IA × 
100

% Reactance of A

= 721·7 × (100/30) = 2405·5 A
Full-load line current delivered by alternator B,

IB =
20000 10

3 12 10

3

3
×

× ×
 = 962·28 A

∴ Short-circuit current fed to fault by alternator B,
ISB = 962·28 × 100/50 = 1924·5 A

∴ Total short-circuit current fed to fault,
ISC = ISA + ISB = 2405·5 + 1924·5 = 4330 A

*    Note that the diagram shows one phase and neutral.  The percentage reactances of the alternators are in parallel.
** At its own rated capacity.

**
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Comments.  In simple problems, either of the two methods can be used with about the same
degree of ease.  However, in complicated networks, it will be found that the first method (known as
equivalent % reactance method) has greater advantage owing to the ease by which calculations can be
carried out.

Example 17.2.  A 3-phase, 20 MVA, 10 kV alternator has internal reactance of 5% and negli-
gible resistance.  Find the external reactance per phase to be connected in series with the alternator
so that steady current on short-circuit does not exceed 8 times the full load current.

Solution.

Full-load current, I = 20 10

3 10 10

6

3
×

× ×
 = 1154·7 A

Voltage per phase, V = 10 10
3

10 000
3

3× = ,  volts

As the short-circuit current is to be 8 times the full-load current,
∴ Total percentage reactance required

=
Full - load current

Short - circuit current  × 100

=
1
8
FH IK  × 100 = 12·5 %

∴ External percentage reactance required
= 12·5 − 5 = 7·5%

Let X Ω be the per phase external reactance required.

Now, percentage reactance =
I X
V

 × 100

or 7·5 = 1154 7
10 000

3

⋅ X
,  × 100

∴ X =
7 5 10000

3 100 1154 7
⋅ ×

× × ⋅
 = 0·375 ΩΩΩΩΩ

Example 17.3.  A 3-phase transmission line operating at 10 kV and having a resistance of 1Ω
and reactance of 4 Ω is connected to the generating station bus-bars through 5 MVA step-up trans-
former having a reactance of 5%.  The bus-bars are supplied by a 10 MVA alternator having 10%
reactance.  Calculate the short-circuit kVA fed to symmetrical fault between phases if it occurs

(i) at the load end of transmission line

(ii) at the high voltage terminals of the transformer

Solution.  Fig. 17.9 shows the single line diagram of the network.  Let 10,000 kVA be the base
kVA.
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% reactance of alternator on base kVA,

% XA = 10 000
10 103

,
×

 × 10 = 10%

% reactance of transformer on base kVA,

%XT =
10 000
5 103

,
×

 × 5 = 10%

The line impedance is given in ohms.  It can be converted into percent-
age impedance by using exp. (ii) of Art. 17.3.

% reactance of transmission line is

% XL =
kVA reactance in 

kV

a f
a f

× Ω
10 2

=
10 000 4

10 10 2
, ×
× a f  = 40%

% age resistance of transmission line,

% RL =
10 000 1

10 10 2
, ×
× a f  = 10%

(i) The reactance diagram of the network on the selected base kVA is
shown in Fig. 17.10.  For a fault at the end of a transmission line
(point F2),

Total % reactance = %XA + %XT + %XL

= 10 + 10 + 40 = 60%
% resistance = 10%

∴ % impedance from generator neutral upto fault point F2

= 60 102 2a f a f+  = 60·83%

∴ Short-circuit kVA = 10,000 × 100/60·83 = 16,440 kVA
(ii) For a fault at the high voltage terminals of the transformer (point F1),
Total % reactance from generator neutral upto fault point F1

= % XA + % XT = 10 + 10 = 20%

∴ Short-circuit kVA = 10,000 × 100/20 = 50,000 kVA
Example 17.4.  The plant capacity of a 3-phase generating station consists of two 10,000 kVA

generators of reactance 12% each and one 5000 kVA generator of reactance 18%.  The generators
are connected to the station bus-bars from which load is taken through three 5000 kVA step-up
transformers each having a reactance of 5%.  Determine the maximum fault MVA which the circuit
breakers on (i) low voltage side and (ii) high voltage side may have to deal with.

Solution.  Fig. 17.11 shows the single line diagram of the network.  Let 10,000 kVA be the base
kVA.

The percentage reactance of generators A, B and C and that of each transformer on the selected
base kVA is

% XA = 12 × 10,000/10,000 = 12%
% XB = 12 × 10,000/10,000 = 12%
% XC = 18 × 10,000/5,000 = 36%

% XT = 5 × 10,000/5,000 = 10%
(i) When the fault occurs on the low voltage side of the transformer (point F1 in Fig. 17.11), the

reactance diagram at the selected base kVA will be as shown in Fig. 17.12.  Obviously, the



406 Principles of Power System

total reactance upto the point of fault F1 is the parallel combination of the reactances of the
three alternators i.e.

Total % reactance form generator neutral upto fault point F1

= % XA || % XB || % XC

= 12% || 12% || 36% = 
6 36
6 36

×
+  = 5·14%

∴ Fault MVA = 10,000 × 
100
5 14

1
1000⋅

×  = 194·5

(ii) When the fault occurs on the high voltage side of the transformer (point F2 in Fig. 17.11),
the reactance diagram will be as shown in Fig. 17.13.

Total % reactance from generator neutral upto fault point F2

= 5·14 + 10 = 15·14%

∴ Fault MVA = 10,000 × 
100

15 14
1

1000⋅
×  = 66

It may be noted that circuit breakers of lower ratings will be required on the high voltage side of
the transformers.
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Example 17.5.  The section bus-bars A and B are linked by a bus-bar reactor rated at 5000 kVA
with 10% reactance.  On bus-bar A, there are two generators each of 10,000 kVA with 10% reac-
tance and on B two generators each of 8000 kVA with 12% reactance.  Find the steady MVA fed into
a dead short circuit between all phases on B with bus-bar reactor in the circuit.

Solution.  Fig. 17.14 shows the single line diagram of the network.
Let 10,000 kVA be the base kVA.
% Reactance of generator 1 or 2 on the base kVA

= 10 × 10,000/10,000 = 10%
% Reactance of generator 3 or 4 on the base kVA

= 12 × 10,000/8000 = 15%
% Reactance of bus-bar reactor on the base kVA

= 10 × 10,000/5000 = 20%

When fault occurs on section B (point F in Fig. 17.14), the reactance diagram at the selected base
kVA will be as shown in Fig. 17.15 (i).  This series parallel circuit is further reduced to Fig. 17.15 (ii).
Referring to Fig. 17.15 (ii), it is clear that reactance from generator neutral upto the fault point F is
(5% + 20%) in parallel with 7·5% i.e.

Total % reactance from generator neutral upto fault point F

= (5 % + 20%) || 7·5%

=
25 7 5
25 7 5

× ⋅
+ ⋅  = 5·77%

∴ Fault kVA = 10,000 × 100/5·77 = 1,73,310

or Fault MVA = 173·31



408 Principles of Power System

Example 17.6.  A small generating station has two alternators of 3000 kVA and 4500 kVA and
percentage reactances of 7% and 8% respectively.  The circuit breakers have a rupturing capacity of
150 MVA.  It is desired to extend the system by a supply from the grid via a transformer of 7500 kVA
and 7·5% reactance.  Find the reactance of the reactor connected in the bus-bar section to prevent
the circuit breakers being overloaded, if a symmetrical short-circuit occurs on an outgoing feeder
connected to it.  Assume the bus voltage = 3300 V.

Solution.  Fig. 17.16 shows the single line diagram of the system.
Let 7500 kVA be the base kVA.
% Reactance of generator A on the base kVA

= 7 × 7500/3000 = 17·5%
% Reactance of generator B on the base kVA

= 8 × 7500/4500 = 13·34%
% Reactance of transformer on the base kVA

= 7·5 × 7500/7500 = 7·5%
Let the percentage reactance of the bus-bar reactor be X%.  Then for 3-phase short-circuit fault

on an outgoing feeder (point F in Fig. 17.16), the reactance diagram at the selected base kVA will be
as shown in Fig. 17.17 (i).  Reactances of 17·5% and 13·34% are in parallel and the equivalent
reactance* = 7·57%.  The circuit then reduces to Fig. 17.17 (ii).

* Equivalent reactance = 17 5 13 34
17 5 13 34

⋅ × ⋅
⋅ + ⋅

 = 7·57%
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Total % reactance from generator neutral to fault point F
= 7·57% || (X + 7·5)%

=
7 57 7 5

15 07
⋅ + ⋅

+ ⋅
X

X
b g

 %

Short-circuit kVA = 7500 × 100 × 
X

X
+ ⋅

⋅ + ⋅
15 07

7 57 7 5b g
But the short-circuit kVA should not exceed 150 × 103 kVA, the rupturing capacity of the breaker.

∴ 150 × 103 =
7500 100 15 07

7 57 7 5
× × + ⋅
⋅ + ⋅

X
X
b g

b g
or 7·57 (X + 7·5) = 5 (X + 15·07)
or 7·57 X + 56·77 = 5 X + 75·35

or X =
75 35 56 77

7 57 5
⋅ − ⋅

⋅ −
 = 7·23%

The %age reactance can be converted into reactance in ohms by the following expression :

% X =
kVA

kV

a f
a f

X

10 2

or 7·23 =
7500 X

10 3 3 2⋅a f

or X =
7 23 10 3 3

7500

2⋅ × × ⋅a f
 = 0·105 ΩΩΩΩΩ

i.e. reactance of the reactor per phase should be 0·105 Ω.
Example 17.7.  The estimated short-circuit MVA at the bus-bars of a generating station A is

1500 MVA and of another station B is 1200 MVA.  The generated voltage at each station is 33 kV.  If
these stations are interconnected through a line having a reactance of 1Ω and negligible resistance,
calculate the possible short-circuit MVA at both stations.

Solution.  Fig. 17.18 (i) shows the single line diagram of the system.

Let the base MVA be 100.
% Reactance of station A on the base MVA

% XA = Base MVA
Short - circuit MVA

 × 100

= (100/1500) × 100 = 6·67%
% Reactance of station B on the base MVA

% XB = (100/1200) × 100 = 8·33%
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%  Reactance of interconnector on the base MVA

% XI =
kVA

kV

a f
a f a f

X

10

100 10 1

10 332

3

2= × ×
×

( )  = 9·18%

The reactance diagram is shown in Fig. 17.18 (ii).

Fault on station A.  When a fault occurs on power station A (point F1), the total percentage
reactance from generator neutral upto fault point F1 is the parallel combination of (8·33% + 9·18%)
and 6·67% i.e.

Total % reactance upto fault point F1

= 17 51 6 67
17 51 6 67

⋅ × ⋅
⋅ + ⋅

 = 4·83%

∴ Short-circuit MVA = Base MVA × 
100

% Reactance
= 100 × 100/4·83 = 2070

Fault on station B.  When a fault occurs on power station B (point F2), the total percentage
reactance from generator neutral upto fault point F2 is the parallel combination of (6·67% + 9·18%)
and 8·33% i.e.

Total % reactance upto fault point F2

=
15 85 8 33
15 85 8 33

⋅ × ⋅
⋅ + ⋅  = 5·46%

∴ Short-circuit MVA = 100 × 100/5·46 = 1831
Example 17.8.  A generating station has three section bus-bars connected with a tie-bar through

6% reactors rated at 5000 kVA.  Each generator is of 5000 kVA with 12% reactance and is connected
to one section of bus-bars.  Find the total steady input to a dead short-circuit between the lines on
one of the sections of bus-bar (i) with reactors and (ii) without reactors.

Solution.  Fig. 17.19 shows the single line diagram of the system.  Let 5000 kVA be the base
kVA.  As generators and reactors are rated at this kVA, therefore, their percentage reactances remain
the same.

(i) With reactors.  Suppose a 3-phase short-circuit fault occurs on section 3 of the bus-bar
(point F in Fig. 17.19).  The reactance diagram at the selected base kVA will be as shown in Fig.
17.20 (i).  The equivalent reactance of the parallel branches is (18/2)% = 9% and the circuit reduces
to Fig. 17.20 (ii).



Symmetrical Fault Calculations 411

Total % reactance from generator neutral upto fault point F

= (9% + 6%) || 12% = 
15 12
15 12

×
+  = 6·67%

∴ Short-circuit input = 5000 × 100/6·67
= 74,962 kVA = 74·962 MVA

(ii) Without reactors.  Suppose no reactors are used.  Then for a fault on section 3, the total
reactance upto the fault point will be a parallel combination of the reactances of the three generators i.e.

Total % reactance upto fault point F
= 12% || 12% || 12% = 12/3 = 4%

∴ Short-circuit input = 5000 × 100/4 = 1,25,000 kVA = 125 MVA
Example 17.9.  A generating station is laid out as shown in Fig. 17.21.  The ratings and per-

centage reactances of different elements are as indicated.  If a 3-phase short-circuit occurs on any
feeder near transformer secondary (e.g. point F), find the short-circuit MVA fed to the fault.

Solution.  Fig. 17.21 shows the single line diagram of the system.
Let us choose 5 MVA as the base value.
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%age reactance of each generator on the base MVA
= 30 × 5/10 = 15%

%age reactance of each reactor on the base MVA

= 10 × 5/10 =5%
%age reactance of each transformer on the base MVA

= 5 × 5/5 = 5%

When a 3-phase short-circuit occurs at point F of the feeder near the secondary of the trans-
former, the reactance diagram at the selected base kVA will be as shown in Fig. 17.22 (i).  This circuit
can be further reduced to Fig. 17.22 (ii).

Total %age reactance from generator neutral upto fault point F
= (10% + 5%) || 15% + 5%

=
15 15
15 15

×
+  + 5 = 7·5 + 5 = 12·5%

Short circuit MVA = Base MVA × 100
% Fault reactance

= 5 × 100/12·5 = 40
Example 17.10.  Show that a generating plant having N section bus-bars each rated at Q kVA

with x% reactance, connected on the tie-bar system through bus-bar reactances of b% has a total
short-circuit kVA on one section of

Q
x

Q N
bN x

+ −
+

L
NM

O
QP

1a f
 × 100

If the section rating is 50,000 kVA ; x = 20% and b = 10%, find the short-circuit kVA with
(i) 3 sections (ii) 9 sections and (iii) show that with a very large number of sections, the short-circuit
kVA would not exceed 7,50,000 kVA.

Solution.  Fig. 17.23 shows the single line diagram of a generating station having N bus-bar
sections connected on the tie-bar system.  Assume a symmetrical 3-phase short-circuit occurs on
section 1 as indicated by point F in Fig. 17.23.
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The reactance diagram of the system is shown in Fig. 17.24.  For a fault on section 1 (point F),
the remaining (N − 1) sections are in parallel and their equivalent percentage reactance is (x + b/N − 1)%.
The circuit of Fig. 17.24 is, therefore, reduced to the one shown in Fig. 17.25.  Referring to Fig.
17.25, the total percentage reactance between the generator neutral and fault point F is given by :

% age reactance from generator neutral upto fault point F

= b
x b
N

x
b

x b
N

x

b
x b
N

x
+ +

−
RST

UVW =
+ +

−
L
NM

O
QP

+ +
− +1

1

1

% || % %

=
x x bN
N x b

+
+

b g
b g %

Suppose the base kVA is Q.

∴ Short-circuit kVA = Q × 100 × 
N x b

x x bN

+
+

b g
b g

= Q
x

Q N
bN x

+
−

+
L
NM

O
QP

×
1

100
b g

... (i) Q.E.D.

(i) With 3 sections, N = 3

∴ Short-circuit kVA = 50 000
20

50 000 3 1
10 3 20

100, ,
+

−
× +

L
NM

O
QP

×b g
 = 4,50,000 kVA

(ii) With 9 sections, N = 9

∴ Short-circuit kVA = 50 000
20

50 000 9 1
10 9 20

100, ,
+

−
× +

L
NM

O
QP

×b g
 = 6,13,636 kVA
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(iii) When N is very large,

Short-circuit kVA =
* Q Q 50,000 50,000

100 100
x b 20 10

   + × = + ×      
= (2500 + 5000) × 100

= 7,50,000 kVA Q.E.D.

Example 17.11.  The 33 kV bus-bars of a station are in two sections P and Q separated by a
reactor.  The section P is fed from four 10 MVA generators each having a reactance of 20%.  The
section Q is fed from the grid through a 50 MVA transformer of 10% reactance.  The circuit breakers
have a rupturing capacity of 500 MVA.  Find the reactance of the reactor to prevent  the circuit
breakers from being overloaded if a symmetrical short-circuit occurs on an outgoing feeder con-
nected to A.  Take base MVA as 50 MVA.

Solution.  Fig. 17.26 shows the single line diagram of the network.  Suppose the fault occurs at
point F on an outgoing feeder connected to section P. As per the given condition, the short-circuit
MVA at F should not exceed 500 MVA.

% reactance of each of the generator on base MVA

=
50
10

20×  = 100 %

∴ % XA = 100 %   ;   % XB = 100 %   ;   %  XC = 100 %   ;   % XD = 100 %

% reactance of the transformer on base MVA is

% XT =
50
50

10×  = 10%

Suppose the required reactance of the reactor is X % on 50 MVA base.  When the fault occurs at
point F, the reactance diagram at the selected base MVA will be as shown in Fig. 17.27 (i).  Clearly,
the reactances of the four generators are in parallel and their equivalent reactance = 100/4 = 25%.
The circuit then reduces to that shown in Fig. 17.27 (ii).

* Referring to exp. (i) above, if N is very large, then x can be neglected as compared to bN.  Also N − 1 may
be taken as N.

∴ Short-circuit kVA = 
Q
x

QN
bN

Q
x

Q
b

+F
H

I
K × = +F

H
I
K ×100 100
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Total percentage reactance from generator neutral to fault point F

=
25 10

25 10
X
X
+

+ +
b g
b g ...(i)

Now fault MVA at F is not to exceed 500 MVA.

Fault MVA = Base MVA × 
100

Required % reactance

or 500 = 50 × 100
Required % reactance

∴ Required % reactance =
50 100

500
10

× = %

This means that total % reactance from generator neutral to fault point F should be 10 % i.e.

10 =
25 10

25 10
X
X
+

+ +
b g
b g

∴ X =
100
15

 %

% reactance =
Base kVA Reactance in 

10 kV

a f
a f

× Ω
2

or
100
15

=
50 10 Reactance in 

10 33

3× ×

×
e j

a f
Ω

2

∴ Reactance of the reactor in Ω

= 10 × (33)2 × 
100
15

1
50 103×

×
 = 1·452 ΩΩΩΩΩ

Example 17.12.  A 3-phase alternator can supply a maximum load of 5000 kVA at 6600 V.  The
machine has internal reactance of 6%.  Find the reactance per phase of the limiting reactor if the
steady apparent power (kVA) on short-circuit is not be exceed 5 times the full-load value.

Solution.  Let the base kVA be 5000 kVA.  Let the % reactance of the reactor be X % on the base
kVA.  When short-circuit fault occurs, the total % reactance from generator neutral to fault point =
(X + 6) %.  The short-circuit kVA is not to exceed 5 × 5000 kVA.

Fault kVA = Base kVA × 
100

% Reactance

or 5 × 5000 = 5000 × 100
6X +b g
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∴ X = 14 %
It can be converted into Ω by the relation :

% X =
kVA Reactance in 

10 kV

a f
a f

× Ω
2

14 =
5000 Reactance in 

10 6 6

×
× ⋅

Ω
a f2

∴ Reactance of the reactor in Ω

= 14 10 6 6
5000

2× × ⋅a f  = 1·22 Ω

Example 17.13.  The bus-bars of a power station are in two sections P and Q separated by a
reactor.  Connected in section P are two 15 MVA generators of 12 % reactance each and to Q one
8 MVA generator of 10% reactance.  The reactor is rated at 10 MVA and 15% reactance.  Feeders
are connected to bus-bar P through transformers, each rated at 5 MVA and 4% reactance.  Deter-
mine the maximum short-circuit MVA with which circuit breakers on the outgoing side of the trans-
formers have to deal.

Solution.  Fig. 17.28 shows the single line diagram of the network.  There may be several trans-
formers but only two are shown for clarity of the figure.  Suppose short-circuit fault occurs at point F
on the outgoing side of one transformer as shown in Fig. 17.28.  The circuit breaker will have to
handle short-circuit MVA at point F.

Let 10 MVA be the base MVA.  The percentage reactance of various elements on the selected
base MVA will be :

% XA =
10
15

12×  = 8 %

% XB =
10
15

12×  = 8 %

% XC =
10
8

10×  = 12·5 %

% XT = 10
5

4×  = 8 %
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When fault occurs at point F, the reactance diagram at the selected base MVA will be as shown
in Fig. 17.29 (i).  The reactances of generators A and B are in parallel and their equivalent reactance
= 8%/2 = 4%.  The circuit then reduces to the one shown in Fig. 17.29 (ii).  This further reduces to the
one shown in Fig. 17.29 (iii).

∴ Total % reactance from generator neutral upto fault point F

= 12 % || 27·5 %  = 
12 27 5
12 27 5

× ⋅
+ ⋅  = 8·35 %

Fault MVA = Base MVA × 100 10 100
8 35% Reactance

= ×
⋅

 = 119·8 MVA

Example 17.14.  A 10 MVA, 6·6 kV, 3-phase star-connected alternator having a reactance of
20% is connected through a 5 MVA, 6·6 kV/33 kV transformer of 10% reactance to a transmission
line having a resistance and reactance per conductor per kilometre of 0·2 Ω and 1 Ω respectively.
Fifty kilometres along the line, a short-circuit occurs between the  three conductors.  Find the cur-
rent fed to the fault by the alternator.

Solution.  Fig. 17.30 shows the single line diagram of the network.  Let 10 MVA (= 104 kVA) be
the base MVA.

% reactance of the alternator on base MVA is

% XA =
10
10

20×  = 20 %

% reactance of the transformer on base MVA is

% XT =
10
5

10×  = 20 %

% reactance of the transmission line is
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% XL =
kVA reactance in 

10 kV

a f
a f a f

× = ×
×

Ω
2

4

2
10 50

10 33
 = 45·9%

% resistance of the transmission line is

% RL = kVA resistance in 

10 kV

a f
a f a f

× = ×
×

Ω
2

4

2
10 10

10 33
 = 9·18 %

When the symmetrical fault occurs at point F on the transmission line (50 km away), then,
Total % reactance upto the point of fault F

= % XA + % XT + % XL = 20% + 20% + 45·9% = 85·9%

% resistance = 9·18 %
∴ % impedance from generator neutral upto fault point F

= 9 18 85 92 2⋅ + ⋅a f a f  = 86·4 %

Short-circuit MVA = 10 × 
100
86 4⋅  = 11·57 MVA

∴ Short-circuit current fed to the fault by the alternator is

ISC =
11 57 10

3 6 6 1000

6⋅ ×
× ⋅ ×

 = 1012 A

Example 17.15.  An 11 kV generating station has four identical 3-phase alternators A, B, C and
D, each of 10 MVA capacity and 12% reactance.  There are two sections of bus-bar, P and Q linked
by a reactor rated at 10 MVA with 24% reactance.  Alternators A and B are connected to bus-bar
section P and alternators C and D to bus-bar section Q.  From each section, load is taken through a
number of 6 MVA, 11 kV/66 kV step-up transformers, each having a reactance of 3%.  Calculate the
current fed into fault if a short-circuit occurs on all phases near the high-voltage terminals of one of
the transformers at the bus-bar section Q.

Solution.  Fig. 17.31 shows the single line diagram of the network.  Let 10 MVA be the base
MVA.

% reactance of each generator (A, B, C and D) on the base MVA
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= 10
10

12×  = 12%

% reactance of the reactor on the base MVA

=
10
10

24×  = 24%

% reactance of the transformer on the base MVA

=
10
6

3×  = 5%

When fault occurs at point F, the reactance diagram on the selected base MVA will be as shown
in Fig. 17.32 (i).  This further reduces to the circuit shown in Fig. 17.32 (ii).

∴ % reactance from generator neutral upto fault point F

=
30 6
30 6

5
×
+

+  = 5 + 5 = 10%

Fault MVA = 10 × 100
10

 = 100 MVA

Short-circuit current, ISC = 100 10
3 66000

6×
×

 = 875 A

Oil circuit  breaker



420 Principles of Power System

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. A 3-phase, 30 MVA, 33 kV alternator has internal reactance of 4% and negligible resistance.  Find the
external reactance per phase to be connected in series with the alternator so that steady current on short-
circuit does not exceed 10 times the full load current. [2·178 ΩΩΩΩΩ]

2. A 3-phase transmission line operating at 33 kV and having a resistance of 5 Ω and reactance of 20 Ω is
connected to the generating station through 15,000 kVA step-up transformer.  Connected to the bus-bar
are two alternators, one of 10,000 kVA with 10% reactance and another of 5000 kVA with 7·5% reac-
tance.  Calculate the short-circuit kVA fed to the symmetrical fault between phases if it occurs

(i) at the load end of transmission line

(ii) at the high voltage terminals of the transformer
[(i) 44,500 kVA (ii) 100,000 kVA]

3. The plant capacity of a 3-phase generating station consists of two 8 MVA generators of reactance 14·5%
each and one 4 MVA generator of reactance 9·5%.  These are connected to a common bus-bar from
which loads are taken through a number of 3 MVA step-up transformers each having 4% reactance.
Determine the MVA rating of the circuit breakers on (i) L.V. side and (ii) H.V. side.  Reactances given
are based on the MVA of each equipment. [(i) 15·24 MVA (ii) 50·25 MVA]

4. The 33 kV bus-bar of a station are in two sections A and B separated by a reactor.  Section A is fed from
four 10 MVA generators each having 20% reactance and section B is fed from the grid through 50 MVA
transformer of 10% reactance.  The circuit breakers have rupturing capacity of 500 MVA.  Find the
reactance of the reactor to prevent the circuit breakers being overloaded if a symmetrical short-circuit
occurs on an outgoing feeder connected to it. [1·45 ΩΩΩΩΩ]

5. A generating station has five section bus-bar connected with a tie-bar through 7·5% reactors rated at
3000 kVA.  Each generator is of 3000 kVA with 10% reactance and is connected to one section of the
bus-bar.  Find the total steady input to a dead short-circuit between the lines on one of the sections of the
bus-bars (i) with and (ii) without reactors. [(i) 55·3 MVA (ii) 150 MVA]

6. A generating station has four bus-bar sections.  Each section is connected to tie-bar though 20% reactors
rated at 200 MVA.  Generators of total capacity 100 MVA and 20% reactance are connected to each bus-
bar section.  Calculate the MVA fed to a fault under short-circuit condition one one of the bus-bars.

[1000 MVA]

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures.
(i) When a short-circuit occurs, a .............. current flows through the system.

(ii) The most serious result of a major uncleared short-circuit fault is the ..............

(iii) When all the three phases are short-circuited, it gives rise to .............. currents.

(iv) The rating of a circuit breaker is generally determined on the basis of .............. short circuit currents.

(v) The most common type of fault in overhead lines is ..............

(vi) The .............. short-circuit fault gives very heavy duty on the circuit breaker.

(vii) If the % age reactance upto the fault point is 20%, then short-circuit current will be .............. times
the full-load current.

(viii) A 1000 kVA transformer with 5% reactance will have a reactance of .............. at 2000 kVA base.

(ix) Short-circuit kVA is obtained by multiplying the base kVA by ..............

(x) Reactors are used at various points in the power system to ..............

2. Pick up the correct words/figures from the brackets and fill in the blanks.
(i) .............. fault gives rise to symmetrical fault currents.

(single phase to ground, phase to phase, 3-phase short-circuit)

(ii) Percentage reactances .............. as they are referred through transformers.

(remain unchanged, are changed)
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(iii) If the % age reactance of the system upto the fault point is 20% and the base kVA is 10,000, then

short-circuit kVA is .............. (50,000, 10,000, 2,000)

(iv) The use of reactors permits installation of circuit breakers of .............. ratings. (lower, higher)

(v) A 20,000 kVA transformer with 10% reactance will have a reactance of .............. at 10,000 kVA
base. (5%, 20%, 10%)

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

1. (i) heavy  (ii) fire  (iii) symmetrical fault  (iv) symmetrical  (v) phase-to-ground fault  (vi) 3-phase
(vii) 5  (viii) 10%  (ix) 100/% X  (x) limit short-circuit current

2. (i) 3-phase short-circuit  (ii) remain unchanged  (iii) 50,000  (iv) lower  (v) 5%

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. What do you understand by a short-circuit ?  Discuss the possible causes of short-circuit in the power
system.

2. Explain the harmful effects of short-circuit fault on the power system.

3. What is the importance of short-circuit calculations ?

4. Discuss the possible faults on overhead lines.

5. What do you understand by percentage reactance ?  Why do we prefer to express the reactances of
various elements in percentage values for short-circuit calculations ?

6. What is the importance of base kVA in short-circuit calculations ?

7. Why do we use reactors in the power system ?  Discuss their advantages.

8. Explain the various methods of connecting short-circuit current limiting reactors in the power system.

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. Why do we choose a base kVA in short-circuit calculations ?

2. What is the advantage of expressing reactances in percentage values ?

3. Why do we decide the rating of a circuit breaker on the basis of symmetrical short-circuit currents ?

4. Will the value of short-circuit current change if we take different base kVAs’ ?  Explain your answer.

5. Can feeder reactors permit the use of circuit breakers of lower ratings ?
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IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

In the previous chapter, attention was confined
to the analysis of symmetrical faults e.g. all three
lines short-circuited (L — L — L) or all three

lines short-circuited with an earth connection at the
fault (L —L — L — G).  When such a fault occurs,
it gives rise to symmetrical fault currents i.e. fault
currents in the three lines are equal in magnitude
and displaced 120º electrical from one another.
Although symmetrical faults are the most severe
and impose heavy duty on the circuit breakers, yet
the analysis of such faults can be made with a fair
degree of ease.  It is because the balanced nature of
fault permits to consider only one phase in calcula-
tions ; the conditions in the other two phases being
similar.

The great majority of faults on the power sys-
tem are of unsymmetrical nature; the most com-
mon type being a short-circuit from one line to
ground.  When such a fault occurs, it gives rise to
unsymmetrical currents i.e. the magnitude of fault
currents in the three lines are different having un-
equal phase displacement.  The calculation proce-
dure known as method of symmetrical components
is used to determine the currents and voltages on
the occurrence of an unsymmetrical fault.  In this
chapter, we shall focus our attention on the analy-
sis of unsymmetrical faults.

��

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

Unsymmetrical  Fault  Calculations

18.1 Usymmetrical Faults on 3-Phase
System

18.2 Symmetrical Components Method

18.3 Operator ‘a’

18.4 Symmetrical Components in Terms
of  Phase Currents

18.5 Some Facts about Sequence Currents

18.6 Sequence Impedances

18.7 Sequence Impedances of Power
System Elements

18.8 Analysis of Unsymmetrical Faults

18.9 Single Line-to-Ground Fault

18.10 Line-to-Line Fault

18.11 Double Line-to-Ground Fault

18.12 Sequence Networks

18.13 Reference Bus for Sequence Networks
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18.118.118.118.118.1  Unsymmetrical  Faults  on 3-Phase  System Unsymmetrical  Faults  on 3-Phase  System Unsymmetrical  Faults  on 3-Phase  System Unsymmetrical  Faults  on 3-Phase  System Unsymmetrical  Faults  on 3-Phase  System
Those faults on the power system which give rise to unsymmetrical fault currents (i.e. unequal fault
currents in the lines with unequal phase displacement) are known as unsymmetrical faults.

On the occurrence of an unsymmetrical fault, the currents in the three lines become unequal and
so is the phase displacement among them.  It may be noted that the term ‘unsymmetry’ applies only to
the fault itself and the resulting line currents.  However, the system impedances and the source volt-
ages are always symmetrical* through its main elements viz. generators, transmission lines,
synchoronous reactors etc.  There are three ways in which unsymmetrical faults may occur in a power
system (see Fig. 18.1).

(i) Single line-to-ground fault (L — G)
(ii) Line-to-line fault (L — L)

(iii) Doube line-to-ground fault (L — L — G)

The solution of unsymmetrical fault problems can be obtained by either (a) Kirchhoff’s laws or
(b) Symmetrical components method.  The latter method is preferred because of the following
reasons :
(i)  It is a simple method and gives more generality to be given to fault performance studies.
(ii) It provides a useful tool for the protection engineers, particularly in connection with tracing

out of fault currents.

18.218.218.218.218.2  Symmetrical Components Method Symmetrical Components Method Symmetrical Components Method Symmetrical Components Method Symmetrical Components Method
In 1918, Dr. C.L. Fortescue, an American scientist, showed that any unbalanced system of 3-phase
currents (or voltages) may be regarded as being composed** of three separate sets of balanced vectors
viz.

* In other words, no piece of equipment ever has a red phase impedance which differs from a yellow phase impedance.
** This has come to be known as symmetrical component theory.  This is a general theory and is applicable to

any three vector system whose resultant is zero.

Electronic  earth  fault  indicator
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(i) a balanced *system of 3-phase currents having positive† (or normal) phase sequence.  These
are called positive phase sequence components.

(ii) a balanced system of 3-phase currents having the opposite or negative phase sequence.
These are called negative phase sequence components.

(iii) a system of three currents equal in magnitude and having zero phase displacement.  These
are called zero phase sequence components.

The positive, negative and zero phase sequence components are called the symmetrical compo-
nents of the original unbalanced system. The term ‘symmetrical’ is appropriate because the unbal-
anced 3-phase system has been resolved into three sets of balanced (or symmetrical) components.
The subscripts 1, 2 and 0 are generally used to indicate positive, negative and zero phase sequence

components respectively.  For instance, IR0  indicates the zero phase sequence component of the

current in the red phase.  Similarly, IY1  implies the positive phase
sequence component of current in the yellow phase.

Illustration.  Let us now apply the symmetrical components
theory to an unbalanced 3-phase system.  Suppose an unsym-
metrical fault  occurs on a 3-phase system having phase sequence
RYB.  According to symmetrical components theory, the result-

ing unbalanced currentes IR , IY  and IB  (see Fig. 18.2) can be

resolved into :

(i) a balanced system of 3-phase currents, IR1 , IY1  and IB1
having positive phase sequence (i.e. RYB) as shown in Fig. 18.3 (i).  These are the positive
phase sequence components.

(ii) a balanced system of 3-phase currents IR2 , IY 2  and IB2  having negative phase sequence
(i.e. RBY) as shown in Fig. 18.3 (ii).  These are the negative phase sequence components.

(iii) a system of three currents IR0 , IY 0  and IB0  equal in magnitude with zero phase displacement
from each other as shown in Fig. 18.3 (iii).  These are the zero phase sequence components.

* A balanced system of 3-phase currents implies that three currents are equal in magnitude having 120º
displacement from each other.

† Positive phase sequence means that phase sequence is the same as that of the original 3-phase system.
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The current in any phase is equal to the vector sum of positive, negative and zero phase sequence
currents in that *phase as shown in Fig. 18.4.

IR = I I IR R R1 2 0+ +

IY = I I IY Y Y1 2 0+ +

IB
= I I IB B B1 2 0+ +

The following points may be noted :

(i) The positive phase sequence currents ( IR1 , IY1  and IB1 ), negative phase sequence currents

( IR2 , IY 2 and IB2 ) and zero phase sequence currents ( IR0 , IY 0 and IB0 ) separately form
balanced system of currents.  Hence, they are called symmetrical components of the
unbalanced system.

(ii) The symmetrical component theory applies equally to 3-phase currents and voltages both
phase and line values.

(iii) The symmetrical components do not have separate existence.  They are only mathematical
components of unbalanced currents (or voltages) which actually flow in the system.

(iv) In a balanced 3-phase system, negative and zero phase sequence currents are zero.  This is
demonstrated in example 18.7.

18.318.318.318.318.3  Operator   ‘a’ Operator   ‘a’ Operator   ‘a’ Operator   ‘a’ Operator   ‘a’

As the symmetrical component theory involves the concept of 120º displacement in the positive
sequence set and negative sequence set, therefore, it is desirable to evolve some operator which
should cause 120º rotation.  For this purpose, operator ‘a’ (symbols h or λ are sometimes used instead
of ‘a’) is used.  It is defined as under :

The **operator ‘a’ is one, which when multiplied to a vector rotates the vector through 120º in
the anticlockwise direction.

Consider a vector I represented by OA as shown in Fig. 18.5.  If this vector is multiplied by
operator ‘a’, the vector is rotated through 120º in the anticlockwise direction and assumes the posi-
tion OB.

∴ a I = I ∠ 120º

= I (cos 120º + j sin 120º)

* Star connected system being considered in Fig. 18.4.

** Just as the operator j rotates a vector through 90º in the anticlockwise direction.
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= I (− 0·5 + j 0·866)

∴         a = − 0·5 + j 0·866 ... (i)
If the vector assuming position OB is multiplied by operator

‘a’, the vector is further rotated through 120º in the anticlockwise
direction and assumes the position OC.

∴ a2I = I ∠ 240º

= I (cos 240º + j sin 240º)
= I (− 0·5 − j 0·866)

∴ a2 = − 0·5 − j 0·866 ... (ii)

Thus the operator ‘a2’ will turn the vector through 240º in the
anticlockwise direction.  This is the same as turning the vector
through 120º in clockwise direction.

∴ a2 I = I ∠− 120º
Similarly,  a3I = I ∠ 360º

= I (cos 360º + j sin 360º)
∴ a3 = 1 ... (iii)

Properties of Operator ‘a’
(i) Adding exps. (i) and (ii), we get,

a + a2 = (− 0·5 + j 0·866) + (− 0·5 − j 0·866) = −1
∴ 1 + a + a2 = 0

(ii) Subtracting exp. (ii) from exp. (i), we get,
a − a2 = (− 0·5 + j 0·866) − (− 0·5 − j 0·866)  = j 1·732

∴ a − a2 = j 3

18.418.418.418.418.4  Symmetr Symmetr Symmetr Symmetr Symmetrical  Components  in  ical  Components  in  ical  Components  in  ical  Components  in  ical  Components  in  TTTTTerererererms  of  Phase  Currms  of  Phase  Currms  of  Phase  Currms  of  Phase  Currms  of  Phase  Currentsentsentsentsents

The unbalanced phase currents in a 3-phase system can be expressed in terms of symmetrical com-
ponents as under :

IR = I I IR R R1 2 0+ +

IY
= I I IY Y Y1 2 0+ +

IB
= I I IB B B1 2 0+ +
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Fig. 18.6 shows the vector representation of symmetrical components.  It is usually profitable in

calculations to express the symmetrical components in terms of unbalanced phase currents.  Let us

express the symmetrical components of R-phase in terms of phase currents IR , IY  and IB .  For this
purpose, express all symmetrical components of Y and B phases in terms of the symmetrical compo-
nents of R-phase by means of operator ‘a’ as shown in Fig. 18.6.

Note that the positive sequence set shown in Fig. 18.6 (i) can be expressed in terms of IR1
 by

means of operator a.  Thus positive sequence current IB1
 in phase B leads IR1

 by 120º and, therefore,

I a IB R1 1= .  Similarly, positive sequence current in phase Y is 240º ahead of IR1  so that I a IY R1
2

1= .

In an exactly similar manner, the negative sequence set can be expressed in terms of IR2 by means of
operator ‘a’ as shown in Fig. 18.6(ii).  It is clear from Fig. 18.6 that :

IR = I I IR R R1 2 0+ + ...(i)

IY = I I IY Y Y1 2 0+ +

= a I a I IR R R
2

1 2 0+ + ...(ii)

IB = I I IB B B1 2 0+ +

= a I a I IR R R1
2

2 0+ + ...(iii)
(i) Zero sequence current.  By adding exps. (i), (ii) and (iii), we get,

I I IR Y B+ + = I a a I a a IR R R1
2

2
2

01 1 3( ) ( )+ + + + + +

= I I I IR R R R1 2 0 00 0 3 3( ) ( )+ + = (� 1 + a + a2 = 0)

∴ IR0 =
1

3
I I IR Y B+ +e j

As the red phase is always taken as the reference phase, therefore, subscript R is usually omitted.

∴ I0 =
1

3
I I IR Y B+ +e j

(ii) Positive sequence current.  Multiply exp.(ii) by ‘a’ and exp. (iii) by ‘a2’ and then adding
these exps. to exp. (i), we get,

I a I a IR Y B+ + 2 = I a a I a a I a aR R R1
3 3

2
2 4

0
21 1 1( ) ( ) ( )+ + + + + + + +

= 1 23 (0R RI I+
���� ����

*) 0 1(0) 3R RI I+ =
���� ����

∴ IR1
= 1

3
2I a I a IR Y B+ +e j

Omitting the subscript R, we have,

I1
= 1

3
2I a I a IR Y B+ +e j

(iii) Negative sequence current.  Multiply exp. (ii) by ‘a2’ and exp. (iii) by ‘a’ and then adding
these exps. to (i), we get,

I a I a IR Y B+ +2 = I a a I a a I a aR R R1
4 2

2
3 3

0
21 1 1( ) ( ) ( )+ + + + + + + +

= I I I IR R R R1 2 0 20 3 0 3( ) ( ) ( )+ + =

∴ IR 2
=

1
3

2I a I a IR Y B+ +e j
or I2

= 1
3

2I a I a IR Y B+ +e j
* a4 = a3 × a = 1 × a = a

∴ 1 + a2 + a4 = 1 + a2 + a = 0
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The following points may be noted carefully :

(i) The currents I1 , I2  and I0  are the symmetrical components of R-phase.  Because of the
symmetry of each set, the symmetrical components of yellow and blue phases can be easily
known.

(ii) Although the treatment has been made considering currents, the method applies equally to
voltages.  Thus the symmetrical voltage components of R-phase in terms of phase voltages
shall be :

E0 =
1
3

E E ER Y B+ +e j

E1
=

1
3

2E a E a ER Y B+ +e j

E2
=

1
3

2E a E a ER Y B+ +e j
18.518.518.518.518.5  Some  F Some  F Some  F Some  F Some  Facts  aacts  aacts  aacts  aacts  about  Sequence  Currbout  Sequence  Currbout  Sequence  Currbout  Sequence  Currbout  Sequence  Currentsentsentsentsents

It is now desirable to get the readers acquainted with the following facts about positive, negative
and zero phase sequence currents :

(i) A balanced 3-phase system consists of positive sequence components only; the negative and
zero sequence components being zero.

(ii) The presence of negative or zero sequence currents in a 3-phase system introduces unsymmetry
and is indicative of an abnormal condition of the circuit in which these components are
found.

(iii) The vector sum of the positive and negative sequence currents of an unbalanced 3-phase
system is zero. The resultant solely consists of three zero sequence currents i.e.

Vector sum of all sequence currents in 3-phase unbalanced system

= I I IR Y B0 0 0+ +
(iv) In a 3-phase, 4 wire unbalanced system, the magnitude of zero sequence components is one-

third of the current in the neutral wire i.e.

Zero sequence current =
1
3

 [Current in neutral wire]

In the absence of path through the neutral of a 3-phase system, the neutral current is zero and the
line currents contain no zero -sequence components.  A delta-connected load provides no path to the
neutral and the line currents flowing to delta-connected load can contain no zero-sequence compo-
nents.

(v) In a 3-phase unbalanced system, the magnitude of negative sequence components cannot
exceed that of the positive sequence components.  If the negative sequence components
were the greater, the phase sequence of the resultant system would be reversed.

(vi) The current of a single phase load drawn from a 3-phase system comprises equal positive,
negative and zero sequence components.

Example 18.1.  Prove that :

(i) 1 a

a a

2

2
−
−

 = − a (ii)
1 a

1 a2
−
+

 = 1 − a2

Solution.

(i) 1 2

2
−
−

a

a a
 = 

( ) ( )
( )

1 1
1

1+ −
−

= +a a
a a

a
a

   = − a
a

2
 = − a (∵ 1 + a + a2 = 0)
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(ii) 1

1 2
−
+

a

a
  = 1 1 2

2

2 3

3
−
−

= − −
− −

= − +a
a

a a

a a

a a

a

( ) ( )

( ) ( )
 = 1− a2

Example 18.2.  In a 3-phase, 4-wire system, the currents in R, Y and B lines under abnormal
conditions of loading are as under :

IR  = 100 ∠ 30º A   ;   IY  = 50  ∠ 300º A   ;   IB  = 30 ∠ 180º A

Calculate the positive, negative and zero sequence currents in the R-line and return current in
the neutral wire.

Solution.  Let I I0 1,  and I2  be the zero, positive and negative sequence currents respectively of
the line current in red line.

∴ I0 = 1
3 I I IR Y B+ +

= 1
3 [100 ∠ 30º + 50 ∠ 300º + 30 ∠ 180º]

= 1
3  *[(86·60  + j 50) + (25 − j 43·3) + (−30 + j0)]

= 1
3  [ 81·6 + j 6·7]

= (27·2 + j 2·23) = 27·29 ∠∠∠∠∠ 4·68º A

I1
= 1

3
2I a I a IR Y B+ +

= 1
3  [ 100 ∠ 30º + 1 ∠ 120º × 50 ∠ 300º + 1 ∠− 120º × 30 ∠ 180º]

= 1
3  [100 ∠ 30º + 50 ∠ 60º + 30 ∠ 60º]

= 1
3 [(86·6 + j 50) + (25 + j 43·3) + (15 + j 25·98)]

= 1
3  [126·6 + j 119·28]

= (42·2 + j 39·76) = 57·98 ∠∠∠∠∠ 43·3º A

I2
= 1

3
2[ ]I a I a IR Y B+ +

= 1
3 [100 ∠ 30º + 1 ∠− 120º × 50 ∠ 300º + 1 ∠ 120º × 30 ∠ 180º]

= 1
3 [100 ∠ 30º + 50 ∠ 180º + 30 ∠ 300º]

= 1
3 [(86·6 + j 50) + (−50 + j 0) + (15 − j 25·98)]

= 1
3 [51·6 + j 24·02]

= (17·2 + j 8) = 18·96 ∠∠∠∠∠ 24·9º A

Current in the neutral wire = I I IR Y B+ +  = (81·6 + j 6·7) = 81·87 ∠∠∠∠∠ 4·7º A

Example 18.3.  The currents in a 3-phase unbalanced system are :

IR
 = (12 + j 6) A   ;   IY

 = (12 − j 12) A   ;   IB
 = (−15 + j 10) A

The phase sequence in RYB.  Calculate the zero, positive and negative sequence components of
the currents.

Solution.
Red phase
Zero phase sequence component,

IR0 = 1
3

I I IR Y B+ +

* With the help of scientific calculator, polar form can be directly changed to rectangular form and vice-
versa.
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= 1
3

 [(12 +  j 6) + (12 − j 12) + (−15 + j 10)]

= 1
3

 [9 + j 4] = (3 + j 1·33) A

Positive phase sequence component is

IR1
= 1

3
2I a I a IR Y B+ +

= 1
3

 [ (12 + j 6) + (− 0·5 + j 0·866) (12 − j 12) + *(− 0·5 − j 0·866) (−15 + j 10)]

= 1
3

 [ 32·55 + j 30·39] = (10·85 + j 10·13) A

Negative phase sequence component is

IR2
= 1

3
2I a I a IR Y B+ +

= 1
3

 [(12 + j 6) + (− 0·5 − j 0·866) (12 − j 12) + (− 0·5 + j 0·866) (−15 + j 10)]

= 1
3

 [ −5·55 −  j 16·41] = (−−−−−1·85 −−−−− j 5·47) A

Yellow phase
Zero phase sequence component is

I IY R0 0= = (3 + j 1·33) A
Positive phase sequence component is

I a IY R1
2

1= = (− 0·5 − j 0·866) (10·85 + j 10·13)
= (3·35 −−−−− j 14·4) A

Negative phase sequence component is

I a IY R2 2= = (− 0·5 + j 0·866) (−1·85 − j 5·47) = (5·7 + j 1·13) A
Blue phase
Zero phase sequence component is

I I IB Y R0 0 0= = = (3 + j 1·33) A
Positive phase sequence component is

I a IB R1
2

1= = (− 0·5 + j 0·866) (10·85 + j 10·13) = (−−−−−14·2 + j 4·31) A

Negative phase sequence component is

I a IB R2
2

2= = (− 0·5 − j 0·866) (−1·85 − j 5·47) = (−−−−−3·82 + j 4·34) A

Example 18.4.  The sequence voltages in the red phase are as under :

ER0  = 100 V ; ER1  = (200 − j 100) V ; ER2  = − 100 V

Find the phase voltages E E ER Y B, and .

Solution.  In the polar form, we have,

ER0  = 100 ∠ 0º V; ER1  = 223·6 ∠− 26·56º V; ER2  = 100 ∠ 180º V

ER = E E ER R R0 1 2+ +

= 100 + (200 − j 100) + (−100)

= 200 − j 100 = 223·6 ∠−∠−∠−∠−∠− 26·56º volts

* a = − 0·5 + j 0·866 and a2 = − 0·5 − j 0·866
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EY
= E a E a ER R R0 1 2+ +2

= 100∠ 0º + 1∠ 240º × 223·6 ∠− 26·56º + 1 ∠ 120º × 100∠ 180º
= 100 ∠ 0º + 223·6 ∠ 213·44º + 100 ∠ 300º
= (100 + j 0) + (−186·58 − j 123·2) + (50 − j 86·6)

= −36·58 − j 209·8 = 213 ∠−∠−∠−∠−∠− 99·89º volts

EB
= E a E a ER R R0 1

2
2+ +

= 100∠ 0º + 1∠ 120º × 223·6 ∠− 26·56º + 1 ∠ 240º × 100 ∠ 180º
= 100 ∠ 0º + 223·6 ∠ 93·44º + 100 ∠ 420º
= (100 + j 0) + (−13·4 + j 223·2) + (50 + j 86·6)

= 136·6 + j 309·8 = 338·57 ∠∠∠∠∠ 66·2º volts

Example 18.5.  The zero and positive sequence components of red phase are as under :

ER0  = (0·5 − j 0·866) V ; ER1  = 2 ∠ 0º V

If the phase voltage ER = ∠3 0º V, find the negative sequence component of red phase and the

phase voltages EY  and EB .

Solution.

ER = E E ER R R0 1 2+ +

or 3 = (0·5 − j 0·866) + 2 + ER2

∴ Negative sequence component in R-phase is

ER2
= 0·5 + j 0·866 = 1 ∠∠∠∠∠ 60º volts

In polar form, ER0 = 0·5 − j 0·866 = 1 ∠− 60º

Now EY
= E a E a ER R R0

2
1 2+ +

= [1 ∠− 60º] + [1∠ 240º × 2∠ 0º] + [1 ∠ 120º × 1 ∠ 60º]
= 1 ∠− 60º + 2 ∠ 240º + 1 ∠ 180º
= (0·5 − j 0·866) + (−1 − j 1·732) + (−1 + j 0)

= −1·5 − j 2·598
= 3 ∠−∠−∠−∠−∠− 120º volts

EB
= E a E a ER R R0 1

2
2+ +

= [1 ∠− 60º] + [1 ∠ 120º × 2 ∠ 0º] + [1 ∠ 240º × 1 ∠ 60º]

= 1 ∠− 60º + 2 ∠ 120º + 1 ∠ 300º
= (0·5 − j 0·866) + (−1 + j 1·732) + (0·5 − j 0·866)
= 0 volt

Example 18.6.  The current from neutral to ground connection is 12 A.  Calculate the zero phase
sequence components in phases.

Solution.  We know that zero sequence components in all phases have the same value and that
each component is equal to one-third the current in the neutral wire.

∴ Zero sequence current in each phase

=
1
3

12×  = 4 A
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Example 18.7.  A balanced star connected load takes 90 A from a balanced 3-phase, 4-wire
supply.  If the fuses in the Y and B phases are removed, find the symmetrical components of the line
currents

(i) before the fuses are removed (ii) after the fuses are removed

Solution.  Fig. 18.7. shows the star-connected system with fuses in phases B and Y.

(i) Before removal of fuses.  Before fuses are removed from Y and B lines, the system is
balanced and current in each line is 90 A.

∴ IR
 = 90 ∠ 0ºA ; IY

 = 90 ∠ 240º A ; IB
 = 90 ∠ 120ºA

Since the system is balanced, it will have only positive sequence currents i.e., negative sequence
and zero sequence components will be zero in the three lines.  This can be readily established.

IR0 = I IY B0 0=

=
1
3

I I IR Y B+ +  = 
1
3

 [90∠ 0º + 90∠ 240º + 90∠ 120º]

=
1
3

 [90∠ 0º + 90∠− 120º + 90 ∠ 120º] = 0 A

Hence zero sequence components in three lines are zero.

IR2
=

1
3

2I a I a IR Y B+ +

=
1
3

 [ 90∠ 0º + 1 ∠− 120º × 90∠ 240º + 1 ∠ 120º × 90∠ 120º]

=
1
3

 [90∠ 0º + 90∠ 120º + 90∠ 240º]

=
1
3

 [ 90∠ 0º + 90∠ 120º + 90∠− 120º] = 0 A

Also IY2 = a IR2  = 1 ∠ 120º × 0 = 0 A

and IB2 = a IR
2

2  = 1 ∠ 240º × 0 = 0 A

Hence negative sequence components in the three lines are also zero.  It can be easily shown that
three positive sequence components will have the following values :

I IR R1 =  = 90∠ 0º A ; I IY Y1 =  = 90∠ 240º A; I IB B1 =  = 90 ∠ 120º A
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(ii) After removal of fuses.  When the fuses are removed in Y and B phases, the system be-

comes unbalanced with line currents as under :

IR  = 90∠ 0ºA   ;   I IY B=  = 0 A

The sequence currents in the three lines can be found out as under :

IR0 = I IY B0 0=

= 1
3

I I IR Y B+ +

= 1
3

 [90∠ 0º + 0 + 0] = 30 ∠∠∠∠∠ 0º A

i.e. zero sequence current in each line is 30 ∠ 0º A.

IR1 = 1
3

2I a I a IR Y B+ +

= 1
3

 [90∠ 0º + 0 + 0] = 30 ∠∠∠∠∠ 0ºA

IY1 = a IR
2

1  = 1 ∠ 240º × 30 ∠ 0º = 30 ∠∠∠∠∠ 240ºA

IB1 = a IR1  = 1 ∠ 120º × 30 ∠ 0º = 30 ∠∠∠∠∠ 120ºA

IR2 = 1
3

2I a I a IR Y B+ +

= 1
3

 [90 ∠ 0º + 0 + 0] = 30 ∠∠∠∠∠ 0ºA

IY2 = a IR2   = 1 ∠ 120º × 30∠ 0º = 30 ∠∠∠∠∠ 120º A

IB2 = a IR
2

2  = 1 ∠ 240º × 30∠ 0º = 30 ∠∠∠∠∠ 240º A
The reader may wonder how sequence currents can flow in the yellow and blue lines when fuses

are removed in them.  The answer is that these components do not have separate existence.  They are
only the mathematical components of the current which does exist.  Thus the current in the yellow line
is zero and this can be readily established from its sequence components :

IY = I I IY Y Y0 1 2+ +
= 30 ∠ 0º + 30 ∠ 240º + 30 ∠ 120º
= 30 ∠ 0º + 30 ∠− 120º + 30 ∠ 120º = 0 A

Similary, it can be proved that sum of sequence currents in the blue line is zero and that is what
the circuit reveals.

Example 18.8.  A 3-φ, 4-wire-system supplies loads which are unequally distributed in the three
phases.  An analysis of the current flowing in R, Y and B lines shows that in R line, positive phase
sequence component is 200 ∠ 0º A and the negative phase sequence component is 100 ∠ 60ºA.  The
total observed current flowing back to the supply in the neutral conductor is 300 ∠ 300º A.  Calculate
the currents in the three lines.

Solution.
Zero phase sequence current in R-line is

IR0 =
1
3

 × Current in neutral wire

=
1
3

 × 300 ∠ 300º = 100 ∠ 300ºA

Positive phase sequence current in R-line is

IR1
= 200 ∠ 0ºA
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Negative phase sequence current in R-line is

IR2
= 100 ∠ 60ºA

∴ Current in the R-line, IR = I I IR R R0 1 2+ +  = 100 ∠ 300º + 200 ∠ 0º + 100 ∠6 0º

= (50 − j 86·6) + (200 + j 0) + (50 + j 86·6) = 300 ∠∠∠∠∠ 0º A

Current in the Y-line, IY
= I a I a IR R R0

2
1 2+ +

= 100 ∠ 300º + 1 ∠ 240º × 200 ∠ 0º + 1∠ 120º × 100∠ 60º
= 100 ∠ 300º + 200 ∠ 240º + 100 ∠ 180º

= (50 − j 86·6) + (−100 − j 173·2) + (−100 + j 0)
= − 150 − j 259·8 = 300 ∠−∠−∠−∠−∠− 120º A

Current in B line, BI
���

= I a I a IR R R0 1
2

2+ +
= 100 ∠ 300º + 1 ∠ 120º × 200 ∠ 0º + 1 ∠ 240º × 100 ∠ 60º
= 100 ∠ 300º + 200 ∠ 120º + 100 ∠ 300º

= (50 − j 86·6) + (−100 + j 173·2) + (50 − j 86·6) = 0 A

Example 18.9.  One conductor of a 3-phase line is open.  The current flowing to the ∆-con-
nected load through the line R is 10 A.  With the current in line R [See Fig. 18.8] as reference and
assuming that line B is open, find the symmetrical components of the line currents.

Solution.  The line currents are :

IR  = 10∠ 0º A ; IY  = 10∠ 180º A ; IB  = 0 A

R-line

IR0 =
1
3

I I IR Y B+ +  = 
1
3

 [ 10∠ 0º + 10∠ 180º + 0] = 0 A

IR1
=

1
3

2I a I a IR Y B+ +  = 
1
3

 [ 10∠ 0º + 1∠ 120º × 10∠ 180º +0]

= 5 − j 2·89 = 5·78 ∠−∠−∠−∠−∠− 30ºA

IR2
=

1
3

2I a I a IR Y B+ +  = 
1
3

 [ 10∠ 0º + 1∠ 240º × 10∠ 180º + 0]

= 5 + j 2·89 = 5·78 ∠∠∠∠∠ 30ºA
Y-line

IY0 = IR0  = 0 A

IY1 = a IR
2

1  = 1 ∠ 240º × 5·78 ∠− 30º = 5·78 ∠−∠−∠−∠−∠− 150º A
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IY2 = a IR2  = 1 ∠ 120º × 5·78 ∠ 30º = 5·78 ∠∠∠∠∠ 150ºA
B-line

IB0 = IR0  = 0 A

IB1 = a IR1  = 1 ∠ 120º × 5·78 ∠− 30º = 5·78 ∠∠∠∠∠ 90º A

IB2
= a IR

2
2

 = 1 ∠ 240º × 5·78 ∠ 30º = 5·78 ∠−∠−∠−∠−∠− 90ºA

Note that components IB1 and IB2 have finite values although the line B is open and can carry no
net current.  As expected, the sum of IB1 and IB2 is zero.  However, the sum of components in line R is
10∠ 0ºA and the sum of components in line Y is 10∠ 180ºA.

Example 18.10.  Three resistors of 5Ω, 10Ω and 20Ω are connected in delta across the three
phases of a balanced 100 volts supply.  What are the sequence components in the resistors and in
supply lines ?

Solution.  Let the voltages across 5Ω, 10Ω and 20Ω be E ER Y,  and EB
respectively and the

corresponding currents in the resistors be I IR Y,  and IB
.  These voltages can be represented by the

vector diagram shown in Fig. 18.8 (ii).

ER  = −100 ∠ 0º V   ;    EY  = 100 ∠ 60º V    ;     EB  = 100 ∠− 60ºV

Current in 5Ω, I ER R= 5 =
− ∠100 0

5
º

 =  −20 ∠ 0º A

Current in 10Ω, I EY Y= 10 =
100 60

10
∠ º

 = 10 ∠ 60ºA

Current in 20Ω, I EB B= 20 =
100 60

20
∠ − º

 = 5 ∠− 60ºA

Sequence currents in resistors

Zero sequence component of IR
 is

IR0 =
1
3

I I IR Y B+ +

=
1
3

 [−20 ∠ 0º + 10 ∠ 60º + 5 ∠− 60º]

=
1
3

 [(−20 + j 0) + (5 + j 8·66) + (2·5 − j 4·33)]
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=
1
3

 [−12·5 + j 4·33]

= − 4·17 + j 1·44 = 4·41 ∠∠∠∠∠ 160·9ºA

Positive sequence component of IR  is

IR1
= 1

3
2I a I a IR Y B+ +

= 1
3

 [−20 ∠ 0º + 1 ∠ 120º × 10 ∠ 60º + 1 ∠ 240º × 5 ∠− 60º]

=
1
3

 [−20 ∠ 0º + 10 ∠ 180º + 5 ∠ 180º]

= 1
3

 [(−20 + j  0) + (−10 + j 0) + (−5 + j 0)]

= 1
3

 [−35 + j 0]

= −11·66 + j 0 = 11·66 ∠∠∠∠∠ 180ºA

Negative sequence component of IR  is

IR2
=

1
3

2I a I a IR Y B+ +

=
1
3

 [−20∠ 0º + 1 ∠ 240º × 10 ∠ 60º + 1 ∠ 120º × 5 ∠− 60º]

= 1
3

 [−20 ∠ 0º + 10 ∠ 300º  + 5 ∠ 60º]

= 1
3

 [(−20 + j 0) + (5 − j 8·66) + (2·5 + j 4·33)]

= 1
3

 [− 12·5 − j 4·33] = − 4·17 − j 1·44 = 4·4 ∠−∠−∠−∠−∠− 160·9º A

The sequence components of IY  and IB  can be found as under :

I IY R0 0= = 4·41 ∠∠∠∠∠ 160·9º A

I a IY R1
2

1= = 1 ∠ 240º × 11·66 ∠ 180º = 11·66 ∠∠∠∠∠ 60º A

I a IY R2 2= = 1 ∠ 120º × 4·4 ∠− 160·9º = 4·4 ∠−∠−∠−∠−∠− 40·9º A

I IB R0 0= = 4·41 ∠∠∠∠∠ 160·9º A

I a IB R1 1= = 1 ∠ 120º × 11·66 ∠ 180º = 11·66 ∠∠∠∠∠ 300º A

I a IB R2
2

2= = 1 ∠ 240º × 4·4 ∠− 160·9º = 4·4 ∠∠∠∠∠ 79·1º A

Sequence currents in supply lines

Line current in R-line, Ir = I IB Y−  = 5 ∠− 60º − 10 ∠ 60º

= (2·5 − j 4·33) − (5 + j 8·66)
= − 2·5 − j 12·99 = 13·22 ∠− 100·9º A

Line current in Y-line, Iy = I IR B−  = − 20∠ 0º − 5 ∠− 60º

= (−20 + j 0) − (2·5 − j 4·33)
= −22·5 + j 4·33 = 22·91 ∠ 169º A

Line current in B-line, Ib = I IY R−  = 10∠ 60º − (−20∠ 0º)

= (5 + j 8·66) − (−20 + j 0)

= 25 + j 8·66 = 26·45 ∠ 19·1ºA
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Zero sequence component of Ir
 is

0rI
���

 * = 1
3

I I Ir y b+ +e j  = 1
3

0  = 0A**

Positive sequence component of Ir
 is

Ir1
= 1

3
2I a I a Ir y b+ +e j

= 1
3

2I I a I I a I IB Y R B Y R− + − + −e j e j e j
= 1

3
2 2a I a I a I a I a I a IR Y B R Y B+ + − + +2e j e j

[∵ a3 = 1 and a4 = a]

= 1
3

2 2a a I a I a IR Y B− + +e j e j
Now a − a2 = j 3  and I a I a I IR Y B R+ + =2

13

∴ Ir1
= 1

3
3 3 1j IRd i e j

= j I jR3 31 =  (−11·66 + j 0)

= − j 20·2 = 20·2 ∠− ∠− ∠− ∠− ∠− 90º A

Negative sequence component of Ir
 is

Ir2
= 1

3
2I a I a Ir y b+ +

= 1
3

2I I a I I a I IB Y R B Y R− + − + −e j e j e j
= 1

3
2 2a I a I a I a I a I a IR Y B R Y B+ + − + +2e j e j

= 1
3

2 2( )a a I a I a IR Y B− + +e j
Now a2 − a = − j 3  and I a I a I IR Y B R+ + =2

23

∴ Ir2 = 1
3

3 3 32 2− × = − ×j I j IR Re j
= − j 3  × (−4·17 − j 1·44)

= −2·5 + j 7·2 = 7·62  ∠∠∠∠∠ 109·1ºA
Note. Incidentally, we have the formulas for relation among sequence components in the phases and lines.

Ir1
= j IR3 1    ;    Ir2

 = − j IR3 2

Example 18.11.  A delta connected load is supplied from a 3-phase supply.  The fuse in the B
line is removed and current in the other two lines is 20 A. Find the symmetrical components of line
currents.

Solution.  Let R, Y and B be the supply lines.  When fuse in the line B is removed, the various line
currents are :

* Since vector sum of 0, 0
0

I I I I
r y b r

+ + = =
��� ��� ��� ����

** This shows that in delta formation, the zero sequence currents are present in phases but they disappear in
line currents.  As line current is the difference of two phase currents, therefore, the zero sequence compo-
nents cancel out.
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Ir = 20 ∠ 0º A ;  Iy  = 20 ∠ 180º A ;  Ib  = 0 A

R-line

Ir0 = 1
3

I I Ir y b+ +  = 1
3

 [20 ∠ 0º + 20 ∠ 180º + 0]

= 1
3

 [(20 + j0) + (−20 + j0) + 0] = 
1
3

 [0] = 0A

Ir1 = 1
3

2I a I a Ir y b+ +

= 1
3

 [20 ∠ 0º + 1 ∠ 120º × 20 ∠ 180º + 0]

= 1
3

 [20 ∠ 0º + 20 ∠ 300º] = 
1
3

 [(20 + j0) + (10 − j 17·32)]

= 1
3

 [30 − j 17·32] = 10 − j 5·77 = 11·54 ∠−∠−∠−∠−∠− 30ºA

Ir2 = 1
3

2I a I a Ir y b+ +

= 1
3

 [20 ∠ 0º + 1 ∠ 240º × 20 ∠ 180º + 0]

= 1
3

 [20 ∠ 0º + 20 ∠ 60º] = 
1
3

 [(20 + j0) + (10 + j 17·32)]

= 1
3

 [30 + j 17·32] = 10 + j 5·77 = 11·54 ∠∠∠∠∠ 30ºA

Y-line

Iy0 = Ir0  = 0A

Iy1 = a Ir
2

1  = 1 ∠ 240º × 11·54 ∠− 30º = 11·54 ∠∠∠∠∠ 210º A

Iy2 = a Ir2  = 1 ∠ 120º × 11·54 ∠ 30º = 11·54 ∠∠∠∠∠ 150º A

B-line

Ibo = Iro  = 0A

Ib1 = a Ir1  = 1 ∠ 120º × 11·54 ∠− 30º = 11·54 ∠∠∠∠∠ 90ºA

Ib2 = a Ir
2

2  = 1 ∠ 240º × 11·54 ∠ 30º = 11·54 ∠∠∠∠∠ 270º A

Example 18.12.  Three impedances of 5—j10, 6 + j 5 and 3 + j15 ohms are connected in star to
red, yellow and blue lines of a 3300 V, 3-phase, 3-wire supply.  The phase sequence is RYB.  Calcu-
late the line current IR.

Solution.  This is a case of unbalanced 3-phase star connected load supplied from a balanced 3-
phase supply.  Since the phase sequence is RY B,

∴ VRY = 3300 ∠ 0º V   ;   V a VYB RY= 2  = 3300 ∠ 240º V

Let V VR Y,  and VB  be the voltages across impedances in R, Y and B phases respectively and

I IR Y,  and IB  the resulting line currents.

∴ V V VR Y RY− = = 3300 + j 0

and V V VY B YB− = = 3300(−0·5 − j 0·866)

Since I I IR Y B+ + = 0A
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∴ I I IR Y B0 0 0= = = 0A

VR = (5 − j10) IR
 = (5 − j10) I I IR R R0 1 2+ +e j

= (5 − j10) I IR R1 2+e j ...(i)

VY = (6 + j5) IY
 = (6 + j5) I I IY Y Y0 1 2+ +e j

= (6 + j5) I IY Y1 2+e j
= (6 + j5) a I a IR R

2
1 2+e j ...(ii)

VB = (3 + j15) IB
 = ( 3 + j15) I I IB B B0 1 2+ +e j

= ( 3 + j15) I IB B1 2+e j
= ( 3 + j15) a I a IR R1

2
2+e j ...(iii)

Subtracting exp. (ii) from exp. (i), we get,

V VR Y− = I I j a I a I jR R R R1 2
2

1 25 10 6 5+ − − + +e j b g e j b g
or 3300 = (3·67 − j 2·3)IR1  + (12·33 − j 12·7) IR2 ...(iv)

Subtracting exp. (iii) from exp. (ii), we get,

V VY B− = a I a I j a I a I jR R R R
2

1 2 1
2

26 5 3 15+ + − + +e j b g e j b g
or 3300(−0·5 − j 0·866) = (15·8 − j 2·8)IR1  − (18·84 − j 12·8)IR2

or −1650 − j 2858 = (15·8 − j 2·8) IR1  − (18·84 − j 12·8) IR2 ...(v)

Solving exps. (iv) and (v), we get,

IR1
= 134 − j 65

and IR2
= 95 + j 141



440 Principles of Power System

∴ IR
= I IR R1 2+  = (134 − j 65) + (95 + j 141)

= 229 + j 76 = 241 ∠−∠−∠−∠−∠− 18·4º A
Example 18.13.  A star connected load consists of three equal resistors of 1 Ω resistance.  The

load is assumed to be connected to an unsymmetrical 3-phase supply, the line voltages are 200 V,
346 V and 400 V.  Find the magnitude of current in any phase by the method of symmetrical compo-
nents.

Solution.  This is a case of a balanced star-connected load sup-
plied from an unbalanced 3-phase supply.  Fig. 18.11 (i) shows the
balanced star-connected load receiving unbalanced supply.   Fig. 18.11
(ii) shows the vector diagram.  Since the vector sum of three voltages is
zero, these can be represented by the three sides of a triangle as shown
in Fig. 18.12.  Referring to Fig. 18.12, it is clear that :

(2)2 = (1 + 1·75 cos θ)2 + (1·75 sin θ)2

or 4 = 1 + (1·75)2 (cos2 θ + sin2 θ) + 2 × 1·75 cos θ
or 4 = 1 + 3 × 1 + 3·5 cos θ
∴ cos θ = (4 − 4)/3·5 = 0

∴ θ = 90º

and cos α = 1 1 75
2

1 0
2

+ ⋅ = +cosθ  = 0·5

∴ α = 60º

As the phase sequence is RYB, therefore, various line voltages are :

VRY
= 200 ∠ 180º = (−200 + j0) V

VYB
= 346 ∠ 180º − 90º = 346 ∠ 90º = (0 + j 346) V

VBR
= 400 ∠− 60º = (200 − j 346) V

The current in any phase (or line) is equal to phase voltage divided by resistance in that phase.

∴ Line current, IR = 200 180
1 3

∠
×

º  = 115·47 ∠ 180º A

Line current, IY = 346 90
1 3

∠
×

º  = 199·77 ∠ 90º A
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Line current, IB = 400 60
1 3

∠ −
×

º  = 230·94 ∠− 60ºA

Sequence components in red phase are :

IR0 =
1
3

I I IR Y B+ +

=
1
3

 [115·47 ∠ 180º + 199·77 ∠ 90º + 230·94 ∠− 60º]

=
1
3

 [(−115·47 + j 0) + (0 + j 199·77) + (115·47 − j 199·99)]

=
1
3

 [0] = 0A

IR1
= 1

3
2I a I a IR Y B+ +

=
1
3

 [115·47 ∠ 180º + 1 ∠ 120º × 199·99 ∠ 90º + 1 ∠ 240º × 230·94 ∠− 60º]

=
1
3

 [115·47 ∠ 180º + 199·99 ∠ 210º + 230·94 ∠ 180º]

=
1
3

 [(−115·47 + j0) + (−173 − j 99·99) + (−230·94 + j0)]

=
1
3

 [−519·4 − j 99·99] = −173·13 − j 33·3 = 176·3 ∠−∠−∠−∠−∠− 169ºA

IR2 = 1
3

2I a I a IR Y B+ +

= 1
3

 [115·47 ∠ 180º + 1 ∠ 240º × 199·99 ∠ 90º + 1 ∠ 120º × 230·94 ∠− 60º]

= 1
3

 [115·47 ∠ 180º + 199·99 ∠ 330º + 230·94 ∠ 60º]

= 1
3

 [(−115·47 + j0) + (173 − j 99·99) + (115·47 + j 199·99)]

= 1
3

 [173 + j 100] = 57·66 + j 33·3 = 66·58 ∠∠∠∠∠ 30º A

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. In a 3-phase, 4-wire system, currents in R, Y and B lines under abnormal conditions of loading are:

IR = 150 ∠ 45º A ; IY = 250 ∠ 150º A ; IB = 100 ∠ 300º A

Calculate the zero, positive and negative phase sequence currents in the R-line and return current in the
neutral connection.

[IR0 = 52·2 ∠∠∠∠∠ 112·7º A ;  IR1 = 48·02 ∠−∠−∠−∠−∠− 87·6º A; IR2 = 163·21 ∠∠∠∠∠ 40·45º A; IN = 156·6 ∠∠∠∠∠ 112·7º A]
2. In a 3-phase system, the phase voltages are as under :

ER = 1 ∠ 0º V ; EB = 1 ∠− 120º V ; EY = 0 V

Find the zero, positive and negative phase sequence components in the R-phase.

[ER0 = −−−−−0·33 ∠∠∠∠∠ 120ºV;  ER2 = −−−−− 0·33 ∠∠∠∠∠ 240ºV; ER1 = 0·66 ∠∠∠∠∠ 0º V]

3. The currents in a 3-phase unbalanced system are :

IR = (80 + j 0) A  ; IY = (−10 − j 60) A  ; IB = (70 + j 60) A

The phase sequence is RYB.  Calculate the zero, positive and negative sequence components of the red
line current and determine the current in the neutral wire.

[IR0 = 0A;   IR1 = 76·58 ∠∠∠∠∠ 13ºA ;  IR2 = 18·12 ∠−∠−∠−∠−∠− 72·6ºA;  IN = 0A]

4. A 3-phase, 4-wire system supplies loads which are unequally distributed in the three phases.  An analysis
of the circuit shows that positive and negative phase sequence components of the current in the red line
are as under :
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IR1 = (7·89 + j 0·732) A ; IR2 = (2·11 − j 2·732) A

The total observed current flowing back to supply in the neutral conductor is zero.  Calculate the current
in the three lines. [IR = (10 −−−−− j 2)A; IY = (−−−−−2 −−−−− j 4) A; IB = (−−−−−8 + j 6) A]

18.618.618.618.618.6  Sequence  Impedances Sequence  Impedances Sequence  Impedances Sequence  Impedances Sequence  Impedances

Each element of power system will offer impedance to different phase sequence components of cur-
rent which may not be the same.  For example, the impedance which any piece of equipment offers to
positive sequence current will not necessarily be the same as offered to negative sequence current or
zero sequence current. Therefore, in unsymmetrical fault calculations, each piece of equipment will
have three values of impedance—one corresponding to each sequence current viz.

(i) Positive sequence impedance (Z1)
(ii) Negative sequence impedance (Z2)

(iii) Zero sequence impedance (Z0)
The impedance offered by an equipment or circuit to positive sequence current is called positive

sequence impedance and is represented by Z1.  Similarly, impedances offered by any circuit or equip-
ment to negative and zero sequence currents are respectively called negative sequence impedance
(Z2) and zero sequence impedance (Z0).

The following points may be noted :

(a) In a 3-phase balanced system, each piece of equipment or circuit offers only one impedance–
the one offered to positive or normal sequence current.  This is expected because of the
absence of negative and zero sequence currents in the 3-phase balanced system.

(b) In a 3-phase unbalanced system, each piece of equipment or circuit will have three values of
impedance viz. positive sequence impedance, negative sequence impedance and zero sequence
impedance.

(c) The positive and negative sequence impedances of linear, symmetrical and static circuits
(e.g. transmission lines, cables, transformers and static loads) are equal and are the same as
those used in the analysis of balanced conditions.  This is due to the fact that impedance of
such circuits is independent of the phase order, provided the applied voltages are balanced.
It may be noted that positive and negative sequence impedances of rotating machines (e.g.
synchronous and induction motors) are normally different.

(d) The zero sequence impedance depends upon the path taken by the zero sequence current.
As this path is generally different from the path taken by the positive and negative sequence
currents, therefore, zero sequence impedance is usually different from positive or negative
sequence impedance.

18.718.718.718.718.7  Sequence  Impedances of  Power  System  Elements Sequence  Impedances of  Power  System  Elements Sequence  Impedances of  Power  System  Elements Sequence  Impedances of  Power  System  Elements Sequence  Impedances of  Power  System  Elements

The concept of impedances of various elements of power system (e.g. generators, transformers,
transmission lines etc.) to positive, negative and zero sequence currents is of considerable importance
in determining the fault currents in a 3-phase unbalanced system.  A complete consideration of this
topic does not fall within the scope of this book, but a short preliminary explanation may be of
interest here.  The following three main pieces of equipment will be considered :

(i) Synchronous generators
(ii) Transformers

(iii) Transmission lines

(i) Synchronous generators.  The positive, negative and zero sequence impedances of rotating
machines are generally different.  The positive sequence impedance of a synchronous generator is
equal to the synchronous impedance of the machine.  The negative sequence impedance is much less
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than the positive sequence impedance.  The zero sequence impedance is a variable item and if its
value is not given, it may be assumed to be equal to the positive sequence impedance.  In short :

Negative sequence impedance < Positive sequence impedance
Zero sequence impedance = Variable item

= may be taken equal to +ve sequence impedance if its value is
not given

It may be worthwhile to mention here that any impedance Ze in the earth connection of a star-
connected system has the effect to introduce an impedance of 3 Ze per phase.  It is because the three
equal zero-sequence currents, being in phase, do not sum to zero at the star point, but they flow back
along the neutral earth connection.

(ii) Transformers.  Since transformers have the same impedance with reversed phase rotation,
their positive and negative sequence impedances are equal; this value being equal to the impedance
of the transformer.  However, the zero sequence impedance depends upon earth connection.  If there
is a through circuit for earth current, zero sequence impedance will be equal to positive sequence
impedance otherwise it will be infinite.  In short,

Positive sequence impedance = Negative sequence impedance

= Impedance of Transformer
Zero sequence impedance = Positive sequence impedance, if there is circuit for earth current

= Infinite, if there is no through circuit for earth current.

(iii) Transmission lines.  The positive sequence and negative sequence impedance of a line are
the same; this value being equal to the normal impedance of the line.  This is expected because the
phase rotation of the currents does not make any difference in the constants of the line.  However, the
zero sequence impedance is usually much greater than the positive or negative sequence impedance.
In short :

Positive sequence impedance = Negative sequence impedance
= Impedance of the line

Zero sequence impedance = Variable item
= may be taken as three times the +ve sequence impedance if its

value is not given

18.818.818.818.818.8  Analysis  of  Unsymmetrical  Faults Analysis  of  Unsymmetrical  Faults Analysis  of  Unsymmetrical  Faults Analysis  of  Unsymmetrical  Faults Analysis  of  Unsymmetrical  Faults

In the analysis of unsymmetrical faults, the following assumptions will be made :
(i) The generated e.m.f. system is of positive sequence only.

(ii) No current flows in the network other than due to fault i.e. load currents are neglected.
(iii) The impedance of the fault is zero.
(iv) Phase R shall be taken as the reference phase.

In each case of unsymmetrical fault, e.m.f.s’ per phase are denoted by ER, EY and EB and the
terminal p.d. per phase by VR, VY and VB.

18.918.918.918.918.9  Single  Line-to-Gr Single  Line-to-Gr Single  Line-to-Gr Single  Line-to-Gr Single  Line-to-Ground  Found  Found  Found  Found  Faultaultaultaultault

Consider a 3-phase system with an earthed neutral.  Let a single line-to-ground fault occur on the red
phase as shown in Fig. 18.13.  It is clear from this figure that :

*VR
 = 0 and  I IB Y=  = 0

* Note that VR is the terminal potential of phase R i.e. p.d. between N and R.  Under line-to-ground fault, it
will obviously be zero.
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The sequence currents in the red phase in terms of line currents shall be :

I0 = 1
3

1
3

I I I IR Y B R+ + =e j
I1 = 1

3
1
3

2I a I a I IR Y B R+ + =e j
I2 = 1

3
1
3

2I a I a I IR Y B R+ + =e j
∴ I0 = I I IR1 2

1
3

= =

Fault current.  First of all expression for fault current IR
 will be derived.  Let Z Z1 2,  and Z0  be

the positive, negative and zero sequence impedances of the generator respectively.  Consider the
closed loop NREN.  As the sequence currents produce voltage drops due only to their respective
sequence impedances, therefore, we have,

ER = I Z I Z I Z VR1 1 2 2 0 0+ + +

As VR  = 0 and I I I1 2 0= =

∴ ER = I Z Z Z0 1 2 0+ +e j

or I0 =
E

Z Z Z
R

1 2 0+ +

∴ Fault current, IR = 3 0I  = 
3

1 2 0

E

Z Z Z
R

+ +
   ...(i)

Examination of exp. (i) shows that the equivalent circuit from
which fault current may be calculated is as given in Fig. 18.14.  It is
clear that fault current is obtained by connecting the phase sequence
impedances in series across an imaginary generator of voltage 3 ER.
This is a wonderful part of the method of symmetrical components
and makes the analysis easy and interesting.  In fact, this method
permits to bring any unsymmetrical fault into a simple circuit of
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interconnection of sequence impedances appropriate to the fault condition prevailing.

The assumption made in arriving at exp. (i) is that the fault impedance is zero.  However, if the
fault impedance is Ze, then expression for fault current becomes :

IR =
3

31 2 0

E

Z Z Z Z
R

e+ + +
It may be added here that if the neutral is not grounded, then zero sequence impedance will be

infinite and the fault current is zero.  This is expected because now no path exists for the flow of fault
current.

Phase voltages at fault.  Now let us calculate the phase voltages at fault (i.e. voltage between
each line and fault).  Since the generated e.m.f. system is of positive sequence only, the sequence
components of e.m.f. in R-phase are :

E0 0=  ;  E2 0=  and E ER1 =
The sequence voltages at the fault for R-phase are :

V1
= E I Z E

E Z

Z Z Z
R R

R− = −
+ +1 1

1

1 2 0

∴ V1
=

Z Z

Z Z Z
ER

2 0

1 2 0

+
+ +

V2
= 0 2 2

2

1 2 0

− =
−

+ +
Z I

Z

Z Z Z
ER

V0 = 0 0 0
0

1 2 0

− =
−

+ +
I Z

Z

Z Z Z
ER

It can be readily seen that V V V1 2 0 0+ + = .  This is expected because R-phase is shorted to
ground.

∴ The phase voltages at fault are :

VR = V V V0 1 2 0+ + =

VY = V a V a V0
2

1 2+ +

VB = V a V a V0 1
2

2+ +
Summary of Results.  For line (R-phase)-to-ground fault :

(i) IR = Fault current = 
3

0 0
1 2 0

E

Z Z Z
I IR
Y B+ +

= =; ;

(ii) VR = 0

VY = V a V a V0
2

1 2+ +

VB = V a V a V0 1
2

2+ +

18.1018.1018.1018.1018.10    Line–to–Line  Fault   Line–to–Line  Fault   Line–to–Line  Fault   Line–to–Line  Fault   Line–to–Line  Fault

Consider a line-to-line fault between the blue (B) and yellow (Y) lines as shown in Fig. 18.15.  The
conditions created by this fault lead to :

V VY B=    ;    IR = 0    and I IY B+ = 0
Again taking R-phase as the reference, we have,
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I0 =
1
3

I I IR Y B+ +e j  = 0

Now VY
= VB

Expressing in terms of sequence components of red line, we have,

V a V a V0
2

1 2+ + = V a V a V0 1
2

2+ +

or V a a1
2( )− = V a a2

2( )−

∴ V1
= V2

...(i)

Also I IY B+ = 0

or I a I a I I a I a I0
2

1 2 0 1
2

2+ + + + +e j e j  = 0

or ( )a a I I I2
1 2 02+ + +e j = 0

or I I1 2+ = 0                                        [∵ I0 = 0] ...(ii)

Fault current.  Examination of exp. (i) and exp (ii) reveals
that sequence impedances should be connected as shown in Fig.
18.16.  It is clear from the figure that :

1I
��

= 2

1 2

RE
I

Z Z
− =

+

���
���

��� ���

Fault current, IY = I a I a I0
2

1 2+ +

= 0 2

1 2 1 2

+
+

F
HG

I
KJ

+
−
+

F
HG

I
KJ

a
E

Z Z
a

E

Z Z
R R

= ( )a a
E

Z Z
R2

1 2

−
+

=
−

+
= −

j E

Z Z
IR

B

3

1 2

Phase voltages.  Since the generated e.m.f. system is of positive phase sequence only, the sequence
components of e.m.f. in R-phase are :

E0 0=  ;   E2 0=     and E ER1 =
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The sequence voltages at the fault for R-phase are :

V1 = E I Z E
E

Z Z
ZR R

R− = −
+

F
HG

I
KJ1 1

1 2
1

∴ V1 =
Z

Z Z
ER

2

1 2+

V2 = 0 2 2
2

1 2

− =
+

I Z
Z

Z Z
ER

V0 = 0 00 0− =I Z

The phase voltages at fault are :

VR
= V V V0 1 2+ +

= 0 2

1 2

2

1 2

+
+

+
+

Z

Z Z
E

Z

Z Z
ER R

∴ VR
=

2 2

1 2

Z

Z Z
ER+

VY
= V a V a V0

2
1 2+ +

= 0 2 2

1 2

2

1 2

+
+

F
HG

I
KJ

+
+

F
HG

I
KJ

a
Z

Z Z
E a

Z

Z Z
ER R

= ( )a a
Z

Z Z
ER

2 2

1 2

+
+

F
HG

I
KJ

∴ VY
= −

+
Z

Z Z
ER

2

1 2

(∵ a2 + a = −1)

VB
= V a V a V0 1

2
2+ +

= 0 2

1 2

2 2

1 2

+
+

F
HG

I
KJ

+
+

F
HG

I
KJ

a
Z

Z Z
E a

Z

Z Z
ER R

= ( )a a
Z

Z Z
ER

2 2

1 2

+
+

F
HG

I
KJ

∴ VB
= −

+
Z

Z Z
ER

2

1 2

Summary of Results.  For line-to-line fault (Blue and Yellow lines) :

(i) I I I
j E

Z Z
R Y B

R= = − =
−

+
0

3

1 2

;

(ii) V V
Z

Z Z
EY B R= = −

+
2

1 2

    and   V
Z

Z Z
ER R=

+
2 2

1 2

18.1118.1118.1118.1118.11     Double  Line-to-Gr    Double  Line-to-Gr    Double  Line-to-Gr    Double  Line-to-Gr    Double  Line-to-Ground  Found  Found  Found  Found  Faultaultaultaultault

Consider the double line-to-ground fault involving Y–B lines and earth as shown in Fig. 18.17.  The
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conditions created by this fault lead to :

I V VR Y B= = =0 0;

Since VY = VB = 0 , it is implied that :

V1 = V V VR2 0
1
3

= = ...(i)

Also IR = I I I1 2 0+ +  =  0 (given) ...(ii)

Fault current.  Examination of exp. (i) and exp. (ii)
reveals that sequence impedances should be *connected as
shown in Fig. 18.18.  It is clear that :

I1 =
E

Z
Z Z

Z Z

R

1
2 0

2 0

+
+

I2 = −
+

I
Z

Z Z
1

0

2 0

I0 = −
+

I
Z

Z Z
1

2

2 0

Fault current, IF  = 03Y BI I I+ =
��� ��� ���

**
2

1
2 0

3
Z

I
Z Z

 
= − + 

���
��

��� ���

= −
+

×
+

+

3 2

2 0
1

2 0

2 0

Z

Z Z

E

Z
Z Z

Z Z

R

= −
+ +
3 2

0 1 0 2 1 2

Z E

Z Z Z Z Z Z
R

* Since V V V VR1 2 0
1
3

= = = , sequence impedances must be in parallel.

** I0   =  1
3

1
3

I I IR Y B+ + =e j  (0 + Fault Current)

∴ Fault current  =  3 0I
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Phase Voltages.  The sequence voltages for phase R are :

V E I ZR1 1 1= − ; V I Z2 2 20= − ; V I Z0 0 00= −

Now V1 = V V VR2 0
1
3

= =

∴ VR = V V V V1 2 0 23+ + =

VY = a V a V V a a V2
1 2 0

2
21+ + = + +( ) (� V V V1 2 0= = )

= 0 2× V   =  0 (� a2 + a + 1 = 0)

VB = a V a V V a a V1
2

2 0
2

21 0+ + = + + =( )

Example 18.14.  A 3-phase, 10 MVA, 11 kV generator with a solidly earthed neutral point
supplies a feeder.  The relevant impedances of the generator and feeder in ohms are as under :

Generator feeder

Positive sequence impedance  j 1·2 j 1·0
Negative sequence impedance  j 0·9 j 1·0

Zero sequence impedance  j 0·4 j 3·0

If a fault from one phase to earth occurs on the far end of the feeder, calculate

(i) the magnitude of fault current
(ii) line to neutral voltage at the generator terminal
Solution.  The circuit diagram is shown in Fig. 18.19.  The fault is assumed to occur on the red

phase.  Taking red phase as the reference,

Phase e.m.f. of R-phase, ER = ×11 10 33  = 6350 V

(i) The total impedance to any sequence current is the sum of generator and feeder impedances
to that sequence current.

∴ Total Z1 = j 1·2 + j 1·0  =  j 2·2 Ω

Total Z2 = j 0·9 + j 1·0  =  j 1·9 Ω

Total Z0 = j 0·4 + j 3·0  =  j 3·4 Ω
For a line-to-ground fault, we have,

I I I
E

Z Z Z j j j
R

1 2 0
1 2 0

6350
2 2 1 9 3 4

= = =
+ +

=
⋅ + ⋅ + ⋅
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=  6350
7 5j ⋅

= − j 846 A

∴ Fault current, IR = 3 0I  = 3 × (− j 846)  =  −−−−− j 2538 A

(ii) Line-to-neutral voltage of R-phase,

VR = E I Z I Z I ZR − − −1 1 2 2 0 0

where Z Z Z0 1 2, and  are the sequence impedances of generator.

= E I Z Z ZR − + +0 1 2 0e j
= 6350 − (− j 846) (j 1·2 + j 0·9 + j 0·4)
= 6350 + j 846 ( j 2·5)
= 6350 − 2115 = 4235 V

Example 18.15.  A 3-phase, 11 kV, 10 MVA alternator has sequence reactances of X0 = 0·05
p.u., X1 = 0·15 p.u. and X2 = 0·15 p.u.  If the generator is on no load, find the ratio of fault currents
for L-G fault to that when all the 3-phases are dead short-circuited.

Solution.  Taking red phase as the reference, let its phase e.m.f. be ER  = 1 p.u.
Line-to-ground fault.  Suppose the fault occurs on the red phase.  Then,

I1 = I I
E

X X X
R

2 0
1 2 0

= =
+ +

∴ I0 = 1
0 15 0 15 0 05

1
0 35j j j j⋅ + ⋅ + ⋅

=
⋅

  =  − j 2·85

∴ Fault current, IR = 3 0I  = 3 × (−j 2·85) = − j 8·55 A

Three phase fault.  When a dead short circuit occurs on all the three phases, it gives rise to
symmetrical fault currents.  Therefore, the fault current (say Ish) is limited by the positive sequence
reactance (i.e. X1) only.

∴ Fault current, Ish =
E

X j
jR

1

1
0 15

6 66=
⋅

= −  ⋅

Ratio of two fault currents =
I

I

j
j

R

sh

= − ⋅
− ⋅

8 55
6 66

  =  1·284

i.e. single line-to-ground fault current is 1·284 times that due to dead short circuit on the 3-
phases.

Example 18.16.  A 3-phase, 11 kV, 25 MVA generator with X0 = 0·05 p.u., X1 = 0·2 p.u. and X2
= 0·2 p.u. is grounded through a reactance of 0·3 Ω.  Calculate the fault current for a single line to
ground fault.

Solution.  Fig. 18.20 shows the circuit diagram.  The fault is assumed to occur on the red phase.

Taking red phase as the reference, let its phase e.m.f. be ER
 = 1 p.u.

First of all, convert the reactance Xn into p.u. value from the following relation :

*p.u. value of Xn = Xn in ohms × kVA rating

kV( )2 1000×

* % Xn = Xn in ohms × kVA rating

(kV) 102 ×
.  If this value is divided by 100, we get p.u. value.
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= 0·3 × 25 000
11 10002

,
( ) ×

 = 0·062 p.u.

For a line-to-ground fault, we have,

I I I1 2 0= = = E

X X X X
R

n1 2 0 3+ + +( )

= 1
0 2 0 2 0 05 3 0 062j j j⋅ + ⋅ + ⋅ + × ⋅( )

= 1
0 636j ⋅

  =  − j 1·572 p.u.

Fault current, IR = 3 0I  =  3× (− j 1·572)  =  − j 4·716 p.u.

∴ Fault current in amperes = Rated current × p.u. value

= 25 10

3 11 10
4 716

6

3
×

× ×
× ⋅  =  6188 A

Example 18.17.  A 3-phase, 3-wire system has a normal voltage of 10·4 kV between the lines.  It
is supplied by a generator having positive, negative and zero sequence reactances of 0·6, 0·5 and 0·2
Ω per phase respectively.  Calculate the fault current which flows when a line-to-line fault occurs at
the generator terminals.

Solution.  Suppose the short circuit fault occurs between yellow and blue phases.  Taking red
phase as the reference, its phase e.m.f. is :

Phase e.m.f. of R-phase, ER = 10·4 × 10 33  = 6000 V

Now X1  = j 0·6 Ω ;  X2  = j 0·5 Ω ;  X0  = j 0·2 Ω

For line-to-line fault, we have,

Fault current, IF =
3

1 2

E
X X

R

+
(in magnitude)

= 3 6000
0 6 0 5

×
⋅ + ⋅( )

 = 9447·5 A

Example 18.18.  The per unit values of positive, negative and zero sequence reactances of a
network at fault are 0·08, 0·07 and 0·05.  Determine the fault current if the fault is double line-to-
ground.
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Solution.  Suppose the fault involves yellow and blue phases and the ground.  Taking red phase

as the reference, let its phase e.m.f. be ER  = 1 p.u.

Now, X1  = j 0·08 p.u.   ;   X2  = j 0·07 p.u.   ;   X0  = j 0·05 p.u.

For a double line-to-ground fault, we have,

Fault current, IF = I I
X E

X X X X X X
Y B

R+ =
−

+ +
3 2

1 2 1 0 2 0

= − × ⋅ ×
⋅ × ⋅ + ⋅ × ⋅ + ⋅ × ⋅

3 0 07 1
0 08 0 07 0 08 0 05 0 07 0 05

j
j j j j j j

= − ⋅
− + + × −

j 0 21

56 40 35 10 4( )

= j 0 21 10
131

4⋅ ×   =  j 16 p.u.

Example 18.19.  A 20 MVA, 11 kV, 3-phase, 50 Hz generator has its neutral earthed through a
5% reactor.  It is in parallel with another identical generator having isolated neutral.  Each generator
has a positive sequence reactance of 20%, negative sequence reactance of 10% and zero sequence
reactance of 15%.  If a line to ground short circuit occurs in the common bus-bar, determine the fault
current.

Solution.  Fig. 18.21 shows the two generators in parallel.   The generator 1 has its neutral
earthed through a reactance (= 5%) whereas generator 2 has ungrounded neutral.  The earth fault is
assumed to occur on the red phase.  Taking red phase as the reference, its phase e.m.f. ER = 11 ×

10 33  = 6351 V.  For a line to ground fault, the *equivalent circuit will be as shown in Fig. 18.22 (i)

which further reduces to the circuit shown in Fig. 18.22 (ii).

* Note the equivalent circuit diagram.  The positive sequence reactances (20%) of two generators are in
parallel and so are their negative sequence reactances (10%).  The zero sequence reactance of generator 2
is zero because its neutral is ungrounded.  However, the zero sequence reactance of generator 1 = 15% + 3
× 5% = 30%.
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The percentage reactances in Fig. 18.22 (ii) can be converted into ohmic values as under :

X1 = % reactance × (Voltage in kV) 10
Base kVA

2 ×

= 10
11 10

10 20

2

3× ×
×

( )  = 0·605 Ω

X2 = 5
11 10

10 20

2

3× ×
×

( )  = 0·3025 Ω

X0 = 30
11 10

10 20

2

3× ×
×

( )  = 1·815 Ω

∴ Fault current, IR =
3 3 6351

0 605 0 3025 1 815
1 2 0

E

X X X j j j
R

+ +
= ×

⋅ + ⋅ + ⋅

= 19053
2 7225j ⋅

 = −−−−− j 6998 A

Example 18.20.  A 50 MVA, 11 kV three-phase alternator was subjected to different types of
faults.  The fault currents are as under :

3-phase fault = 2000 A  ; Line-to-Line fault = 2600 A  ;  Line-to-ground fault = 4200 A

The generator neutral is solidly grounded.  Find the values of the three sequence reactances of
the alternator.  Ignore resistances.

Solution.  Let X 1, X 2 and X 0 be the positive, negative and zero sequence reactances respectively
of the alternaor.

For 3-phase fault, Fault current =
E

X
ph

1

(magnitude)

or 2000 =
11000 3

1X
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∴ X1 =
11000
3 2000×

  = 3·175 ΩΩΩΩΩ

For line-to-line fault, we have,

Fault current =
3

1 2

E

X X
ph

+
(magnitude)

or 2600 =
3 11000 3

1 2

×
+X X

or X1 + X2 = 11000
2600

 = 4·231 Ω

∴ X2 = 4·231 − X 1 = 4·231 − 3·175 = 1·056 ΩΩΩΩΩ
For line-to-ground fault, we have,

Fault current =
3

1 2 0

E

X X X
ph

+ +
(magnitude)

or 4200 = 3 11000 3

1 2 0

×
+ +X X X

or X 1 + X 2 + X0 = 3 11000
3 4200
×

×
 = 4·536 Ω

∴ X0 = 4·536 − X 1 − X 2 = 4·536 − 3·175 − 1·056 = 0·305 ΩΩΩΩΩ

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. A 3-phase, 75 MVA, 0·8 p.f. (lagging), 11·8 kV star-connected alternator having its star point solidly
earthed supplies a feeder.  The relevant per-unit (p.u.) impedances, based on the rated phase voltage and
phase current of the alternator are as follows :

Generator Feeder

Positive sequence impedance (p.u.) j 1·7 j 0·1

Negative sequence impedance (p.u.) j 0·18 j 0·1

Zero sequence impedance (p.u.) j 0·12 j 0·3

Determine the fault current for a one line-to-earth fault occuring at the far end of the feeder.  The gener-
ated e.m.f. per phase is of positive sequence only and is equal to the rated voltage per phase. [4400 A]

2. A 3-phase, 75 MVA, 11·8 kV star-connected alternator with a solidly earthed neutral point has the fol-
lowing p.u. impedances based on rated phase voltage and rated phase current :

Positive phase sequence impedance = j 2 p.u.

Negative phase sequence impedance = j 0·16 p.u.

Zero phase sequence impedance = j 0·08 p.u.

Determine the steady-state fault current for the following : (i) 3-phase symmetrical short-circuit (ii) one
line-to-earth fault (iii) two line-to-earth fault. The generated e.m.f. per phase is equal to the rated voltage.

[(i)1840 A (ii) 4920 A (iii) 3580 A]
3. The per unit values of positive, negative and zero sequence reactances of a network at fault are 0·08, 0·07

and 0·05 respectively.  Determine the fault current if fault is line-to-line-to-ground. [j 16 p.u.]

18.1218.1218.1218.1218.12   Sequence  Networks  Sequence  Networks  Sequence  Networks  Sequence  Networks  Sequence  Networks
The analysis of an unsymmetrical fault by symmetrical components method can be conveniently done
by drawing sequence networks.  A sequence network of a particular sequence current in a given
power system is the path for the flow of that sequence current in the system.  It is composed of
impedances offered to that sequence current in the system.  Since there are three sequence currents
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(viz. positive sequence current, negative sequence current and zero sequence current), there will be
three sequence networks for a given power system, namely ;

1. Positive sequence network
2. Negative sequence network
3. Zero sequence network

1. Positive sequence network.  The positive sequence network for a given power system
shows all the paths for the flow of positive sequence currents in the system.  It is represented by one-
line diagram and is composed of impedances offered to the positive sequence currents.  While draw-
ing the positive sequence network of a given power system, the following points may be kept in view:

(i) Each generator in the system is represented by the generated voltage in series with appropriate
reactance and resistance.

(ii) Current limiting impedances between the generator’s neutral and ground pass no positive
sequence current and hence are not included in the positive sequence network.

(iii) All resistances and magnetising currents for each transformer are neglected as a matter of
simplicity.

(iv) For transmission lines, the shunt capacitances and resistances are generally neglected.
(v) Motor loads are included in the network as generated e.m.f. in series with appropriate

reactance.

2. Negative sequence network.  The negative sequence network for a given power system
shows all the paths for the flow of negative sequence currents in the system.  It is also represented by
one-line diagram and is composed of impedances offered to the negative sequence currents.  The
negative sequence network can be readily obtained from positive sequence network with the following
modifications :

(i) Omit the e.m.fs. of 3-phase generators and motors in the positive sequence network.  It is
because these devices have only positive sequence-generated voltages.

(ii) Change, if necessary, the impedances that represent rotating machinery in the positive
sequence network.  It is because negative sequence impedance of rotating machinery is
generally different from that of positive sequence impedance.

(iii) Current limiting impedances between generator’s neutral and ground pass no negative
sequence current and hence are not included in the negative sequence network.

(iv) For static devices such as transmission lines and transformers, the negative sequence
impedances have the same value as the corresponding positive sequence impedances.

3. Zero sequence network.  The zero sequence network for a given power system shows all
the paths for the flow of zero sequence currents.  The zero sequence network of a system depends
upon the nature of connections of the 3-phase windings of the components in the system.  The follow-
ing points may be noted about zero sequence network :

(i) The zero sequence currents will flow only if there is a return path i.e. path from neutral to
ground or to another neutral point in the circuit.

(ii) In the case of a system with no return path for zero sequence currents, these currents cannot
exist.

18.1318.1318.1318.1318.13    Refer   Refer   Refer   Refer   Reference  Bus  for  Sequence  Networksence  Bus  for  Sequence  Networksence  Bus  for  Sequence  Networksence  Bus  for  Sequence  Networksence  Bus  for  Sequence  Networks

While drawing the sequence networks, it is necessary to specify the reference potential w.r.t. which all
sequence voltage drops are to be taken.  For this purpose, the reader may keep in mind the following
points :

(i) For positive or negative sequence networks, the neutral of the generator is taken as the
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reference bus.  This is logical because positive or negative sequence components represent
balanced sets and hence all the neutral points must be at the same potential for either positive
or negative sequence currents.

(ii) For zero sequence network, the reference bus is the ground at the generator.
Example 18.21.  An unloaded generator is grounded through a reactance Zn as shown in Fig.

18.23.  If a single line-to-ground fault occurs, draw (i) the positive sequence network (ii) negative
sequence network and (iii) zero sequence network.

Solution.  Fig. 18.23 shows the unloaded generator with single line-to-ground fault.  We shall
now draw the sequence networks for this system.

(i) Positive sequence network.  The generated voltages are of positive sequence only becasue
the generator is designed to supply 3-phase balanced voltages.  Therefore, the positive sequence
network is composed of phase e.m.fs. in series with positive sequence impedance of the generator.
Fig. 18.24 (i) shows the positive sequence current paths whereas Fig. 18.24 (ii) shows the single-
phase positive sequence network.
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(ii) Negative sequence network.  A negative sequence network contains no e.m.f. but includes
the impedances of the generator to negative sequence currents.  Thus negative sequence network is
readily obtained by omitting e.m.fs. in the positive sequence network.  Fig. 18.25 (i) shows the nega-
tive sequence current paths whereas Fig. 18.25 (ii) shows the single-phase negative sequence net-
work.

(iii) Zero sequence network.  The zero sequence currents flow through phases as well as through
the reactance Zn as shown in Fig. 18.26 (i).  It is clear that current flowing in impedance Zn is 3IR0.  It
is because IR0 = IB0 = IY 0.

∴ Voltage drop of zero sequence current from R to ground
= − 3IR0 Zn − IR0 Z0

= − I0 (3 Zn + Z0)
Therefore, the per phase impedance to zero sequence current is 3 Zn + Z0.  Fig. 18.26 (ii) shows

the zero sequence network.

Example 18.22.  Draw the zero sequence network for (i) star-connected load with no earth
connection (ii) star-connected load with Zn from neutral to ground (iii) delta-connected load.

Solution.  (i) Fig. 18.27 (i) shows the star connected load with no earth connection.  In this case,
neutral current is zero and no zero sequence current can exist.   Fig. 18.27 (ii) shows the zero sequence
network.
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(ii) Fig. 18.28 (i) shows a star connected load with an impedance Zn between neutral and ground.
Fig. 18.28 (ii) shows the zero sequence network.  Note that if impedance Zn is placed between neutral
and ground, then an impedance of 3 Zn must be placed between the neutral and reference bus of zero
sequence network.

(iii) Since a delta connected load provides no return path, zero sequence currents cannot exist in
the phase windings.  In other words, a delta connected circuit provides infinite impedance to zero
sequence line currents.  The zero sequence network is open at the delta connected circuit.  Fig.
18.29(ii) shows the zero sequence network for a delta connected circuit.

SELF-TESTSELF-TESTSELF-TESTSELF-TESTSELF-TEST

1. Fill in the blanks by appropriate words/figures.
(i) The most common type of 3φ unsymmetrical fault is ...............

(ii) In a balanced 3–φ system, negative and zero phase sequence currents are ............. .
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(iii) In a 3-phase, 4-wire unbalanced system, the magnitude of zero sequence current is ............ of the

current in the neutral wire.

(iv) The positive sequence impedance of a transmission line is ............. to the negative sequence
impedance.

(v) The zero sequence impedance of different elements of power system is generally .......... .

2. Pick up the correct words/figures from the brackets and fill in the blanks.
(i) A symmetrical fault on a power system is .......... severe than an unsymmetrical fault. (more, less)

(ii) The operator ‘a’ rotates the vector through .......... in the anticlockwise direction. (90º, 120º, 180º)

(iii) a − a2 = ........... ( j j3 3 1, ,− )

(iv) On the occurrence of an unsymmetrical fault, the positive sequence component is always ...... than
that of negative sequence component. (more, less)

(v) The zero sequence impedance of an element in a power system is generally ........ the positive or
negative sequence impedance. (the same as, different from)

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

1. (i) Single line-to-ground   (ii) zero   (iii) one-third  (iv) equal   (v) different

2. (i) more (ii) 120º  (iii) j 3  (iv) more   (v) different from

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. What is a 3-φ unsymmetrical fault ? Discuss the different types of unsymmetrical faults that can occur on
a 3-φ system.

2. Discuss the ‘symmetrical components method’ to analyse an unbalanced 3-φ system.

3. What is operator ‘a’ ?  Show that :

(i) a2 = − 0·5 − j 0·866 (ii) a3 = 1

(iii) 1 + a + a2 = 0 (iv) a − a2 = j 3

4. Express unbalanced phase currents in a 3-φ system in terms of symmetrical components.

5. What do you understand by positive, negative and zero sequence impedances ?  Discuss them with
reference to synchronous generators, transformers and transmission lines.

6. Derive an expression for fault current for single line-to-ground fault by symmetrical components method.

7. Derive an expression for fault current for line-to-line fault by symmetrical components method.

8. Derive an expression for fault current for doube line-to-ground fault by symmetrical components method.

9. What do you understand by sequence networks ? What is their importance in unsymmetrical fault
calculations ?

10. Write short notes on the following :

(i) Positive sequence network

(ii) Negative sequence network

(iii) Zero sequence network

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS
1. Why is 3-φ symmetrical fault more severe than a 3-φ unsymmetrical fault ?

2. In a 3-φ system, it has been found that negative sequence components and zero sequence components are
absent.  What do you conclude from it ?

3. Do the sequence components physically exist in a 3-φ system ?

4. Why do we prefer to analyse unsymmetrical faults by symmetrical components method ?

5. The positive sequence network of a power system is similar to the negative sequence network.  What do
you infer from it ?
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19.1 Circuit Breakers

19.2 Arc Phenomenon

19.3 Principles of Arc Extinction

19.4 Methods of Arc Extinction

19.5 Important Terms

19.6 Classification of  Circuit Breakers

19.7 Oil Circuit Breakers

19.8 Types of Oil Circuit Breakers

19.9 Plain Break Oil Circuit Breakers

19.10 Arc Control Oil Circuit Breakers

19.11 Low Oil Circuit Breakers

19.12 Maintenance of Oil Circuit Breakers

19.13 Air-Blast Circuit Breakers

19.14 Types of Air- Blast Circuit Breakers

19.15 Sulphur Hexaflouride (SF6) Circuit
Breakers

19.16 Vacuum Circuit Breakers (VCB)

19.17 Switchgear Components

19.18 Problems of Circuit Interruption

19.19 Resistance Switching

19.20 Circuit Breaker Ratings

IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

During the operation of power system, it is
often desirable and necessary to switch
on or off the various circuits (e.g., trans-

mission lines, distributors, generating plants etc.)
under both normal and abnormal conditions. In
earlier days, this function used to be performed
by a switch and a fuse placed in series with the
circuit.  However, such a means of control pre-
sents two disadvantages.  Firstly, when a fuse
blows out, it takes quite sometime to replace it
and restore supply to the customers.  Secondly, a
fuse cannot successfully interrupt heavy fault cur-
rents that result from faults on modern high-volt-
age and large capacity circuits.  Due to these dis-
advantages, the use of switches and fuses is lim-
ited to low-voltage and small capacity circuits
where frequent operations are not expected e.g.,
for switching and protection of distribution trans-
formers, lighting circuits, branch circuits of dis-
tribution lines etc.

With the advancement of power system, the
lines and other equipment operate at very high
voltages and carry large currents.  The arrange-
ment of switches along with fuses cannot serve
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the desired function of swithgear in such high capacity circuits.  This necessitates to employ a more
dependable means of control such as is obtained by the use of circuit breakers.  A circuit breaker can
make or break a circuit either manually or automatically under all conditions viz., no-load, full-load
and short-circuit conditions.  This characteristic of the circuit breaker has made it a very useful
equipment for switching and protection of various parts of the power system.  In this chapter, we shall
deal with the various types of circuit breakers and their increasing applications as control devices.

19.119.119.119.119.1   Cir   Cir   Cir   Cir   Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakerseakerseakerseakerseakers
A circuit breaker is a piece of equipment which can

(i) make or break a circuit either manually or by remote control under normal conditions
(ii) break a circuit automatically under fault conditions

(iii) make a circuit either manually or by remote control under fault conditions

Thus a circuit breaker incorporates manual (or remote control) as well as automatic control for
switching functions.  The latter control employs relays and operates only under fault conditions.  The
mechanism of opening of the circuit breaker under fault conditions has already been briefed in chap-
ter 16.

Operating principle.  A circuit breaker essentially consists of fixed and moving contacts, called
electrodes.  Under normal operating conditions, these contacts remain closed and will not open auto-
matically until and unless the system becomes faulty.  Of course, the contacts can be opened manually
or by remote control whenever desired. When a fault occurs on any part of the system, the trip coils of
the circuit breaker get energised and the moving contacts are pulled apart by some mechanism, thus
opening the circuit.

When the contacts of a circuit breaker are separated under fault conditions, an arc is struck
between them.  The current is thus able to continue until the discharge ceases.   The production of arc
not only delays the current interruption process but it also generates enormous heat which may cause
damage to the system or to the circuit breaker itself.  Therefore, the main problem in a circuit breaker
is to extinguish the arc within the shortest possible time so that heat generated by it may not reach a
dangerous value.

19.219.219.219.219.2   Ar   Ar   Ar   Ar   Arc  Phenomenonc  Phenomenonc  Phenomenonc  Phenomenonc  Phenomenon
When a short-circuit occurs, a heavy current flows through the contacts of the *circuit breaker before
they are opened by the protective system.   At the instant when the contacts begin to separate, the
contact area decreases rapidly and large fault current causes increased current density and hence rise
in temperature.  The heat produced in the medium between contacts (usually the medium is oil or air)
is sufficient to ionise the air or vapourise and ionise the oil.  The ionised air or vapour acts as conduc-
tor and an arc is struck between the contacts.  The p.d. between the contacts is quite small and is just
sufficient to maintain the arc.  The arc provides a low resistance path and consequently the current in
the circuit remains uninterrupted so long as the arc persists.

During the arcing period, the current flowing between the contacts depends upon the arc resis-
tance.  The greater the arc resistance, the smaller the current that flows between the contacts.  The arc
resistance depends upon the following factors :

(i) Degree of ionisation—  the arc resistance increases with the decrease in the number of ionised
particles between the contacts.

(ii) Length of the arc—  the arc resistance increases with the length of the arc i.e., separation of
contacts.

* Important note.  In single phase circuits (e.g., lighting circuits etc.), a switch is located in only one of the
two conductors to lamps.  However, in power circuits, a circuit interrupting device (e.g., a circuit breaker) is put
in each phase or conductor.  These are sometimes called three-pole circuit breakers.  In the discussion that
follows, we shall confine ourselves to a single-pole device, it is being understood that three such units will be
provided in three-phase installation.
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(iii) Cross-section of arc—  the arc resistance increases with the decrease in area of X-section of
the arc.

19.319.319.319.319.3    Principles  of  Ar    Principles  of  Ar    Principles  of  Ar    Principles  of  Ar    Principles  of  Arc  Extinctionc  Extinctionc  Extinctionc  Extinctionc  Extinction
Before discussing the methods of arc extinction, it is necessary to examine the factors responsible for
the maintenance of arc between the contacts.  These are :

(i) p.d. between the contacts
(ii) ionised particles between contacts
Taking these in turn,
(i) When the contacts have a small separation, the p.d. between them is sufficient to maintain

the arc.  One way to extinguish the arc is to separate the contacts to such a distance that p.d.
becomes inadequate to maintain the arc.  However, this method is impracticable in high
voltage system where a separation of many metres may be required.

(ii) The ionised particles between the contacts tend to maintain the arc.  If the arc path is deionised,
the arc extinction will be facilitated.  This may be achieved by cooling the arc or by bodily
removing the ionised particles from the space between the contacts.

19.419.419.419.419.4   Methods  of  Ar   Methods  of  Ar   Methods  of  Ar   Methods  of  Ar   Methods  of  Arc  Extinctionc  Extinctionc  Extinctionc  Extinctionc  Extinction
There are two methods of extinguishing the arc in circuit breakers viz.

1. High resistance method. 2.  Low resistance or current zero method
1. High resistance method.  In this method, arc resistance is made to increase with time so

that current is reduced to a value insufficient to maintain the arc.  Consequently, the current is inter-
rupted or the arc is extinguished.  The principal disadvantage of this method is that enormous energy
is dissipated in the arc.  Therefore, it is employed only in d.c. circuit breakers and low-capacity a.c.
circuit breakers.

The resistance of the arc may be increased by :

(i) Lengthening the arc.  The resistance of the arc is directly proportional to its length.  The
length of the arc can be increased by increasing the gap between contacts.

(ii) Cooling the arc.  Cooling helps in the deionisation of the medium between the contacts.
This increases the arc resistance.  Efficient cooling may be obtained by a gas blast directed
along the arc.

(iii) Reducing X-section of the arc. If the area of X-section of the arc is reduced, the voltage
necessary to maintain the arc is increased.  In other words, the resistance of the arc path is
increased.  The cross-section of the arc can be reduced by letting the arc pass through a
narrow opening or by having smaller area of contacts.

(iv) Splitting the arc.  The resistance of the arc can be increased by splitting the arc into a
number of smaller arcs in series.  Each one of these arcs experiences the effect of lengthen-
ing and cooling.  The arc may be split by introducing some conducting plates between the
contacts.

2. Low resistance or Current zero method.  This method is employed for arc extinction in
a.c. circuits only.  In this method, arc resistance is kept low until current is zero where the arc extin-
guishes naturally and is prevented from restriking inspite of the rising voltage across the contacts.  All
modern high power a.c. circuit breakers employ this method for arc extinction.

In an a.c. system, current drops to zero after every half-cycle.  At every current zero, the arc
extinguishes for a brief moment.  Now the medium between the contacts contains ions and electrons
so that it has small dielectric strength and can be easily broken down by the rising contact voltage
known as restriking voltage.  If such a breakdown does occur, the arc will persist for another half-
cycle.  If immediately after current zero, the dielectric strength of the medium between contacts is
built up more rapidly than the voltage across the contacts, the arc fails to restrike and the current will
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be interrupted.  The rapid increase of dielectric strength of the medium near current zero can be
achieved by :

(a) causing the ionised particles in the space between contacts to recombine into neutral
molecules.

(b) sweeping the ionised particles away and replacing them by un-ionised particles

Therefore, the real problem in a.c. arc interruption is to rapidly deionise the medium between
contacts as soon as the current becomes zero so that the rising contact voltage or restriking voltage
cannot breakdown the space between contacts.  The de-ionisation of the medium can be achieved by:

(i) lengthening of the gap.  The dielectric strength of the medium is proportional to the length
of the gap between contacts.  Therefore, by opening the contacts rapidly, higher dielectric
strength of the medium can be achieved.

(ii) high pressure.  If the pressure in the vicinity of the arc is increased, the density of the
particles constituting the discharge also increases.  The increased density of particles causes
higher rate of de-ionisation and consequently the dielectric strength of the medium between
contacts is increased.

(iii) cooling.  Natural combination of ionised particles takes place more rapidly if they are al-
lowed to cool.  Therefore, dielectric strength of the medium between the contacts can be
increased by cooling the arc.

(iv) blast effect.  If the ionised particles between the contacts are swept away and replaced by un-
ionised particles, the dielectric strength of the medium can be increased considerably.  This
may be achieved by a gas blast directed along the discharge or by forcing oil into the contact
space.

19.519.519.519.519.5    Important  T    Important  T    Important  T    Important  T    Important  Tererererermsmsmsmsms
The following are the important terms much used in the circuit breaker analysis :

(i) Arc Voltage.  It is the voltage that appears across the contacts of the circuit breaker during
the arcing period.

As soon as the contacts of the circuit breaker separate, an arc is formed.  The voltage that appears
across the contacts during arcing period is called the arc voltage.  Its value is low except for the
*period the fault current is at or near zero current point.  At current zero, the arc voltage rises rapidly
to peak value and this peak voltage tends to maintain the current flow in the form of arc.

(ii) Restriking voltage.  It is the transient voltage that appears across the contacts at or near
current zero during arcing period.

At current zero, a high-frequency transient voltage ap-
pears across the contacts and is caused by the rapid distribu-
tion of energy between the magnetic and electric fields associ-
ated with the plant and transmission lines of the system.  This
transient voltage is known as restriking voltage (Fig. 19.1).
The current interruption in the circuit depends upon this volt-
age.  If the restriking voltage rises more rapidly than the di-
electric strength of the medium between the contacts, the arc
will persist for another half-cycle. On the other hand, if the
dielectric strength of the medium builds up more rapidly than
the restriking voltage, the arc fails to restrike and the current will be interrupted.

(iii) Recovery voltage.  It is the normal frequency (50 Hz) r.m.s. voltage that appears across the
contacts of the circuit breaker after final arc extinction.  It is approximately equal to the
system voltage.

* The power system contains an appreciable amount of inductance.  At the instant of current zero point, the
fault currrent lags behind the arc voltage by 90º.  Obviously, the arc voltge must have a peak value at this
instant.
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When contacts of circuit breaker are opened, current drops to zero after every half cycle.  At
some current zero, the contacts are separated sufficiently apart and dielectric strength of the medium
between the contacts attains a high value due to the removal of ionised particles.  At such an instant,
the medium between the contacts is strong enough to prevent the breakdown by the restriking voltage.
Consequently, the final arc extinction takes place and circuit current is interrupted.  Immediately after
final current interruption, the voltage that appears across the contacts has a transient part (See Fig.
19.1).  However, these transient oscillations subside rapidly due to the damping effect of system
resistance and normal circuit voltage appears across the contacts.  The voltage across the contacts is
of normal frequency and is known as recovery voltage.

19.619.619.619.619.6    Classification  of  Cir    Classification  of  Cir    Classification  of  Cir    Classification  of  Cir    Classification  of  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakerseakerseakerseakerseakers
There are several ways of classifying the circuit breakers.  However, the most general way of classi-
fication is on the basis of medium used for arc extinction.  The medium used for arc extinction is
usually oil, air, sulphur hexafluoride (SF6) or vacuum.  Accordingly, circuit breakers may be classi-
fied into :

(i) Oil circuit breakers which employ some insulating oil (e.g., transformer oil) for arc extinction.
(ii) Air-blast circuit breakers in which high pressure air-blast is used for extinguishing the arc.

(iii) Sulphur hexafluroide circuit breakers in which sulphur hexafluoride (SF6) gas is used for
arc extinction.

(iv) Vacuum circuit breakers in which vacuum is used for arc extinction.
Each type of circuit breaker has its own advantages and disadvantages.  In the following sections,

we shall discuss the construction and working of these circuit breakers with special emphasis on the
way the arc extinction is facilitated.

19.719.719.719.719.7   Oil  Cir   Oil  Cir   Oil  Cir   Oil  Cir   Oil  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakerseakerseakerseakerseakers
In such circuit breakers, some insulating oil (e.g., trans-
former oil) is used as an arc quenching medium.  The con-
tacts are opened under oil and an arc is struck between
them.  The heat of the arc evaporates the surrounding oil
and dissociates it into a substantial volume of gaseous *hy-
drogen at high pressure.  The hydrogen gas occupies a
volume about one thousand times that of the oil decom-
posed.  The oil is, therefore, pushed away from the arc and
an expanding hydrogen gas bubble surrounds the arc re-
gion and adjacent portions of the contacts (See Fig. 19.2).
The arc extinction is facilitated mainly by two processes.
Firstly, the hydrogen gas has high heat conductivity and
cools the arc, thus aiding the de-ionisation of the medium between the contacts.  Secondly, the gas
sets up turbulence in the oil and forces it into the space between contacts, thus eliminating the arcing
products from the arc path.  The result is that arc is extinguished and circuit current †interrupted.

Advantages.  The advantages of oil as an arc quenching medium are :
(i) It absorbs the arc energy to decompose the oil into gases which have excellent cooling

properties.

* Mainly hydrogen gas is produced as a result of oil decomposition.  However, a small percentage of meth-
ane, ethylene and acetylene is also generated.

† Important. The reader may note that arc itself is employed for its extinction.  Therefore, it should not be
regarded as an unfortunate manifestation.  It must also be realised that in the absence of the arc, the current
flowing in the circuit would be interrupted instantaneously, and due to the rapid collapse of associated
magnetic field, very high voltages would be induced which would severely stress the insulation on the
system.  On the other hand, the arc permits the circuit interruption to take place at some current zero and
thus without inducing potentials of dangerous values.
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(ii) It acts as an insulator and permits smaller clearance between live conductors and earthed
components.

(iii) The surrounding oil presents cooling surface in close proximity to the arc.
Disadvantages.  The disadvantages of oil as an arc quenching medium are :

(i) It is inflammable and there is a risk of a fire.
(ii) It may form an explosive mixture with air

(iii) The arcing products (e.g., carbon) remain in the oil and its quality deteriorates with succes-
sive operations.  This necessitates periodic checking and replacement of oil.

19.819.819.819.819.8   T   T   T   T   Types  of Oil  Cirypes  of Oil  Cirypes  of Oil  Cirypes  of Oil  Cirypes  of Oil  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakerseakerseakerseakerseakers

The oil circuit breakers find extensive use in the power system.  These can be classified into the
following types :

(i) Bulk oil circuit breakers which use a large quantity of oil.  The oil has to serve two purposes.
Firstly, it extinguishes the arc during opening of contacts and secondly, it insulates the cur-
rent conducting parts from one another and from the earthed tank.  Such circuit breakers
may be classified into :

(a) Plain break oil circuit breakers (b) Arc control oil circuit breakers.
In the former type, no special means is available for controlling the arc and the contacts are

directly exposed to the whole of the oil  in the tank.  However, in the latter type, special arc control
devices are employed to get the beneficial action of the arc as efficiently as possible.

(ii) Low oil circuit breakers which use minimum amount of oil.  In such circuit breakers, oil is
used only for arc extinction; the current conducting parts are insulated by air or porcelain or
organic insulating material.

19.919.919.919.919.9   Plain  Br   Plain  Br   Plain  Br   Plain  Br   Plain  Break  Oil  Cireak  Oil  Cireak  Oil  Cireak  Oil  Cireak  Oil  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakerseakerseakerseakerseakers
A plain-break oil circuit breaker involves the simple process of separating the contacts under the
whole of the oil in the tank.  There is no special system for arc control other than the increase in length
caused by the separation of contacts.  The arc extinction occurs when a certain critical gap between
the contacts is reached.

The plain-break oil circuit breaker is the earliest type from
which all other circuit breakers have developed.  It has a very
simple construction.  It consists of fixed and moving contacts
enclosed in a strong weather-tight earthed tank containing oil upto
a certain level and an air cushion above the oil level.  The air
cushion provides sufficient room to allow for the reception of the
arc gases without the generation of unsafe pressure in the dome
of the circuit breaker.  It also absorbs the mechanical shock of
the upward oil movement.  Fig. 19.3 shows a *double break plain
oil circuit breaker.  It is called a double break because it provides
two breaks in series.

Under normal operating conditions, the fixed and moving
contacts remain closed and the breaker carries the normal circuit
current.  When a fault occurs, the moving contacts are pulled
down by the protective system and an arc is struck which
vapourises the oil mainly into hydrogen gas.  The arc extinction
is facilitated by the following processes :

* This type of  construction increases the effective speed of arc lengthening and permits to divide the tran-
sient re-striking voltage over two breaks so that only half appears across each.
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(i) The hydrogen gas bubble generated around the arc cools the arc column and aids the de-
ionisation of the medium between the contacts.

(ii) The gas sets up turbulence in the oil and helps in eliminating the arcing products from the
arc path.

(iii) As the arc lengthens due to the separating contacts, the dielectric strength of the medium is
increased.

The result of these actions is that at some critical gap length, the arc is extinguished and the
circuit current is interrupted.
Disadvantages

(i) There is no special control over the arc other than the increase in length by separating the
moving contacts.   Therefore, for successful interruption, long arc length is necessary.

(ii) These breakers have long and inconsistent arcing times.
(iii) These breakers do not permit high speed interruption.
Due to these disadvantages, plain-break oil circuit breakers are used only for low-voltage appli-

cations where high breaking-capacities are not important.  It is a usual practice to use such breakers
for low capacity installations for voltages not exceeding †11 kV.

19.1019.1019.1019.1019.10  Ar Ar Ar Ar Arc  Contrc  Contrc  Contrc  Contrc  Control  Oil  Cirol  Oil  Cirol  Oil  Cirol  Oil  Cirol  Oil  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakerseakerseakerseakerseakers
In case of plain-break oil circuit breaker discussed above, there is very little artificial control over the
arc.  Therefore, comparatively long arc length is essential in order that turbulence in the oil caused by
the gas may assist in quenching it.  However, it is necessary and desirable that final arc extinction
should occur while the contact gap is still short.  For this purpose, some arc control is incorporated
and the breakers are then called arc control circuit breakers.  There are two types of such breakers,
namely :

(i) Self-blast oil circuit breakers—  in which arc control is provided by internal means i.e. the
arc itself is employed for its own extinction efficiently.

(ii) Forced-blast oil circuit breakers— in which arc control is provided by mechanical means
external to the circuit breaker.

(i) Self-blast oil circuit breakers.  In this type of circuit breaker, the gases produced during
arcing are confined to a small volume by the use of an insulating rigid pressure chamber or pot
surrounding the contacts.  Since the space available for the arc gases is restricted by the chamber, a
very high pressure is developed to force the oil and gas through or around the arc to extinguish it.  The
magnitude of pressure developed depends upon the value of fault current to be interrupted.  As the
pressure is generated by the arc itself, therefore, such breakers are some-
times called self-generated pressure oil circuit breakers.

The pressure chamber is relatively cheap to make and gives reduced
final arc extinction gap length and arcing time as against the plain-break
oil circuit breaker.  Several designs of pressure chambers (sometimes called
explosion pots) have been developed and a few of them are described
below :

(a) Plain explosion pot.  It is a rigid cylinder of insulating material
and encloses the fixed and moving contacts (See Fig. 19.4).  The moving
contact is a cylindrical rod passing through a restricted opening (called
throat) at the bottom.  When a fault occurs, the contacts get separated and
an arc is struck between them.  The heat of the arc decomposes oil into a
gas at very high pressure in the pot.  This high pressure forces the oil and

† At relatively high voltages, the size of such a breaker assumes unduly large proportions due to the necessity
of very long gap between the contacts for successful arc extinction.
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gas through and round the arc to extinguish it.  If the final arc extinction does not take place while the
moving contact is still within the pot, it occurs immediately after the moving contact leaves the pot.  It
is because emergence of the moving contact from the pot is followed by a violent rush of gas and oil
through the throat producing rapid extinction.

The principal limitation of this type of pot is that it cannot be used for very low or for very high
fault currents.  With low fault currents, the pressure developed is small, thereby increasing the arcing
time.  On the other hand, with high fault currents, the gas is produced so rapidly that explosion pot is
liable to burst due to high pressure.  For this reason, plain explosion pot operates well on moderate
short-circuit currents only where the rate of gas evolution is moderate.

(b) Cross jet explosion pot.  This type of pot is just a modification of plain explosion pot and
is illustrated in Fig. 19.5.  It is made of insulating material and has channels on one side which act as
arc splitters.  The arc splitters help in increasing the arc length, thus facilitating arc extinction.  When
a fault occurs, the moving contact of the circuit breaker begins to separate.  As the moving contact is
withdrawn, the arc is initially struck in the top of the pot.  The gas generated by the arc exerts pressure
on the oil in the back passage.  When the moving contact uncovers the arc splitter ducts, fresh oil is
forced *across the arc path.  The arc is, therefore, driven sideways into the “arc splitters” which
increase the arc length, causing arc extinction.

The cross-jet explosion pot is quite efficient for interrupting heavy fault currents.  However, for
low fault currents, the gas pressure is †small and consequently the pot does not give a satisfactory
operation.

(c) Self-compensated explosion pot.  This type of pot is essentially a combination of plain
explosion pot and cross jet explosion pot.  Therefore, it can interrupt low as well as heavy short
circuit currents with reasonable accuracy.

Fig. 19.6 shows the schematic diagram of self-compensated explosion pot.  It consists of two
chambers, the upper chamber is the cross-jet explosion pot with two arc splitter ducts while the lower
one is the plain explosion pot.  When the short-circuit current is heavy, the rate of generation of gas is
very high and the device behaves as a cross-jet explosion pot.  The arc extinction takes place when the
moving contact uncovers the first or second arc splitter duct.  However, on low short-circuit currents,
the rate of gas generation is small and the tip of the moving contact has the time to reach the lower
chamber.  During this time, the gas builds up sufficient pressure as there is very little leakage through

* Since the jet of oil is forced at right angles to the arc path, this type of pot is referred to as cross-jet
explosion pot.

†  The rate at which oil moves into the path of arc is a function of gas pressure.  The gas pressure depends
upon the value of fault current.  Lower the fault current, lesser the gas pressure generated and vice-versa.
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arc splitter ducts due to the obstruction offered by the arc path and right angle bends.  When the
moving contact comes out of the throat, the arc is extinguished by plain pot action.

It may be noted that as the severity of the short-circuit current increases, the device operates less
and less as a plain explosion pot and more and more as a cross-jet explosion pot.  Thus the tendency
is to make the control self-compensating over the full range of fault currents to be interrupted.

(ii) Forced-blast oil circuit breakers.  In the self-blast oil circuit breakers discussed above, the
arc itself generates the necessary pressure to force the oil across the arc path.  The major limitation of
such breakers is that arcing times tend to be long and inconsistent when operating against currents
considerably less than the rated currents.  It is becasue the gas generated is much reduced at low
values of fault currents.  This difficulty is overcome in forced-blast oil circuit breakers in which the
necessary pressure is generated by external mechanical means independent of the fault currents to be
broken.

In a forced -blast oil circuit breaker, oil pressure is created by the piston-cylinder arrangement.
The movement of the piston is mechanically coupled to the moving contact.  When a fault occurs, the
contacts get separated by the protective system and an arc is struck between the contacts.  The piston
forces a jet of oil towards the contact gap to extinguish the arc.   It may be noted that necessary oil
pressure produced does not in any way depend upon the fault  current to be broken.
Advantages

(a) Since oil pressure developed is independent of the fault current to be interrupted, the perfor-
mance at low currents is more consistent than with self-blast oil circuit breakers.

(b) The quantity of oil required is reduced considerably.

19.1119.1119.1119.1119.11  Low  OIl  Cir Low  OIl  Cir Low  OIl  Cir Low  OIl  Cir Low  OIl  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakerseakerseakerseakerseakers
In the bulk oil circuit breakers discussed so far, the oil has to perform two functions.  Firstly, it acts as
an arc quenching medium and secondly, it insulates the live parts from earth.  It has been found that
only a small percentage of oil is actually used for arc extinction while the major part is utilised for
insulation purposes.  For this reason, the quantity of oil in bulk oil circuit breakers reaches a very high
figure as the system voltage increases.  This not only increases the expenses, tank size and weight of
the breaker but it also increases the fire risk and maintenance problems.

The fact that only a small percentage of oil (about 10% of total) in the bulk oil circuit breaker is
actually used for arc extinction leads to the question as to why the remainder of the oil, that is not
immediately surrounding the device, should not be omitted with consequent saving in bulk, weight
and fire risk.  This led to the development of low-oil circuit breaker.  A low oil circuit breaker
employs solid materials for insulation purposes and uses a small quantity of oil which is just sufficient
for arc extinction.  As regards quenching the arc, the oil behaves identically in bulk as well as low oil
circuit breaker.  By using suitable arc control devices, the arc extinction can be further facilitated in a
low oil circuit breaker.

Construction.  Fig 19.7 shows the cross section of a single phase low oil circuit breaker.  There
are two compartments separated from each other but both filled with oil.  The upper chamber is the
circuit breaking chamber while the lower one is the supporting chamber.  The two chambers are
separated by a partition and oil from one chamber is prevented from mixing with the other chamber.
This arrangement permits two advantages.  Firstly, the circuit breaking chamber requires a small
volume of oil which is just enough for arc extinction.  Secondly, the amount of oil to be replaced is
reduced as the oil in the supporting chamber does not get contaminated by the arc.

(i) Supporting chamber.  It is a porcelain chamber mounted on a metal chamber.  It is filled with
oil which is physically separated from the oil in the circuit breaking compartment.  The oil
inside the supporting chamber and the annular space formed between the porcelain insula-
tion and bakelised paper is employed for insulation purposes only.
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(ii) Circuit-breaking chamber.  It is a porcelain enclosure mounted on the top of the supporting
compartment.  It is filled with oil and has the following parts :
(a) upper and lower fixed contacts
(b) moving contact
(c) turbulator

The moving contact is hollow and includes a cylinder which moves down over a fixed piston.
The turbulator is an arc control device and has both axial and radial vents.  The axial venting ensures
the interruption of low currents whereas radial venting helps in the interruption of heavy currents.
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(iii) Top chamber.  It is a metal chamber and is mouted on the circuit-breaking chamber.  It
provides expansion space for the oil in the circuit breaking compartment.  The top chamber
is also provided with a separator which prevents any loss of oil by centrifugal action caused
by circuit breaker operation during fault conditions.

Operation.  Under normal operating conditions, the moving contact remains engaged with the
upper fixed contact.  When a fault occurs, the moving contact is pulled down by the tripping springs
and an arc is struck.  The arc energy vaporises the oil and produces gases under high pressure.  This
action constrains the oil to pass through a central hole in the moving contact and results in forcing
series of oil through the respective passages of the turbulator.  The process of turbulation is orderly
one, in which the sections of the arc are successively quenched by the effect of separate streams of oil
moving across each section in turn and bearing away its gases.

Advantages. A low oil circuit breaker has the following advantages over a bulk oil circuit breaker:
(i) It requires lesser quantity of oil.

(ii) It requires smaller space.
(iii) There is reduced risk of fire.
(iv) Maintenance problems are reduced.
Disadvantages. A low oil circuit breaker has the following disadvantages as compared to a bulk

oil circuit breaker :
(i) Due to smaller quantity of oil, the degree of carbonisation is increased.

(ii) There is a difficulty of removing the gases from the contact space in time.
(iii) The dielectric strength of the oil deteriorates rapidly due to high degree of carbonisation.

19.1219.1219.1219.1219.12  Maintenance  of  Oil  Cir Maintenance  of  Oil  Cir Maintenance  of  Oil  Cir Maintenance  of  Oil  Cir Maintenance  of  Oil  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakerseakerseakerseakerseakers
The maintenance of oil circuit breaker is generally concerned with the checking of contacts and
dielectric strength of oil.  After a circuit breaker has interrupted fault currents a few times or load
currents several times, its contacts may get burnt by arcing and the oil may lose some of its dielectric
strength due to carbonisation.   This results in the reduced rupturing capacity of the breaker.  There-
fore, it is a good practice to inspect the circuit breaker at regular intervals of 3 or 6 months.  During
inspection of the breaker, the following points should be kept in view :

(i) Check the current carrying parts and arcing contacts.  If the burning is severe, the contacts
should be replaced.

(ii) Check the dielectric strength of the oil.  If the oil is badly discoloured, it should be changed
or reconditioned.  The oil in good condition should withstand 30 kV for one minute in a
standard oil testing cup with 4 mm gap between electrodes.

Oil  Circuit  Breakers
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(iii) Check the insulation for possible damage.  Clean the surface and remove carbon deposits
with a strong and dry fabric.

(iv) Check the oil level.
(v) Check closing and tripping mechanism.

19.1319.1319.1319.1319.13  Air Air Air Air Air-Blast  Cir-Blast  Cir-Blast  Cir-Blast  Cir-Blast  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakerseakerseakerseakerseakers
These breakers employ a high pressure *air-blast as an arc quenching medium.  The contacts are
opened in a flow of air-blast established by the opening of blast valve.  The air-blast cools the arc and
sweeps away the arcing products to the atomsphere.  This rapidly increases the dielectric strength of
the medium between contacts and prevents from re-establishing the arc.  Consequently, the arc is
extinguished and flow of current is interrupted.

Advantages.  An air-blast circuit breaker has the following advantages over an oil circuit breaker:
(i) The risk of fire is eliminated.

(ii) The arcing products are completely removed by the blast whereas the oil deteriorates with
successive operations; the expense of regular oil replacement is avoided.

(iii) The growth of dielectric strength is so rapid that final contact gap needed for arc extinction
is very small.  This reduces the size of the device.

(iv) The arcing time is very small due to the rapid build up of dielectric strength between con-
tacts.  Therefore, the arc energy is only a fraction of that in oil circuit breakers, thus resulting
in less burning of contacts.

(v) Due to lesser arc energy, air-blast circuit breakers are very suitable for conditions where
frequent operation is required.

(vi) The energy supplied for arc extinction is obtained from high pressure air and is independent
of the current to be interrupted.

Disadvantages. The use of air as the arc quenching medium offers the following disadvantges :
(i) The air has relatively inferior arc extinguishing properties.

(ii) The air-blast circuit breakers are very sensitive to the variations in the rate of rise of restrik-
ing voltage.

(iii) Considerable maintenance is required for the compressor plant which supplies the air-blast.
The air blast circuit breakers are finding wide applications in high voltage installations.  Major-

ity of the circuit breakers for voltages beyond 110 kV are of this type.

19.1419.1419.1419.1419.14  T T T T Types  of  Airypes  of  Airypes  of  Airypes  of  Airypes  of  Air-Blast  Cir-Blast  Cir-Blast  Cir-Blast  Cir-Blast  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakerseakerseakerseakerseakers
Depending upon the direction of air-blast in relation to the arc, air-blast circuit breakers are

classified into :

(i) Axial-blast type in which the air-blast is directed along the arc path as shown in Fig. 19.8(i).

* Other gases such as nitrogen, carbon dioxide and hyrdogen can also be used.  The circuit breaking proper-
ties of nitrogen are about similar to air and there is no added advantage of using it.  Carbon dioxide tends
to freeze and hydrogen gas is very costly.  Therefore, air is used as the circuit breaking medium.
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(ii) Cross-blast type in which the air-blast is directed at right angles to the arc path as shown in
Fig. 19.8 (ii).

(iii) Radial-blast type in which the air-blast is directed radially as shown in Fig. 19.8 (iii).
(i) Axial-blast air circuit breaker.  Fig 19.9 shows the essential components of a typical axial-

blast air circuit breaker.  The fixed and moving contacts are held in the closed position by
spring pressure under normal conditions.  The air reservoir is connected to the arcing cham-
ber through  an air valve.  This valve remains closed under normal conditions but opens
automatically by the tripping impulse when a fault occurs on the system.

When a fault occurs, the tripping impulse causes opening of the air valve which connects the
circuit breaker reservoir to the arcing chamber.  The high pressure air entering the arcing chamber
pushes away the moving contact against spring pressure.  The moving contact is separated and an arc
is struck.  At the same time, high pressure air blast flows along the arc and takes away the ionised
gases along with it.  Consequently, the arc is extinguished and current flow is interrupted.

It may be noted that in such  circuit breakers, the contact separation required for interruption is
generally small (1·75 cm or so).  Such a small gap may constitute inadequate clearance for the normal
service voltage.   Therefore, an isolating switch is incorporated as a part of this type of circuit breaker.
This switch opens immediately after fault interruption to provide the necessary clearance for insulation.

(ii) Cross-blast air breaker.  In this type of circuit breaker, an air-blast is directed at right
angles to the arc.  The cross-blast lengthens and forces the arc into a suitable chute for arc
extinction.  Fig. 19.10 shows the essential parts
of a typical cross-blast air circuit breaker.  When
the moving contact is withdrawn, an arc is struck
between the fixed and moving contacts.  The high
pressure cross-blast forces the arc into a chute con-
sisting of arc splitters and baffles.  The splitters
serve to increase the length of the arc and baffles
give improved cooling.  The result is that arc is
extinguished and flow of current is interrupted.
Since blast pressure is same for all currents, the
inefficiency at low currents is eliminated.  The final gap for interruption is great enough to
give normal insulation clearance so that a series isolating switch is not necessary.

19.1519.1519.1519.1519.15  Sulphur  Hexaflouride  (SF Sulphur  Hexaflouride  (SF Sulphur  Hexaflouride  (SF Sulphur  Hexaflouride  (SF Sulphur  Hexaflouride  (SF66666)  Cir)  Cir)  Cir)  Cir)  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakerseakerseakerseakerseakers
In such circuit breakers, sulphur hexaflouride (SF6) gas is used as the arc quenching medium.  The
SF6 is an electro-negative gas and has a strong tendency to absorb free electrons.  The contacts of the
breaker are opened in a high pressure flow of SF6 gas and an arc is struck between them.  The
conducting free electrons in the arc are rapidly captured by the gas to form relatively immobile
negative ions.  This loss of conducting electrons in the arc quickly builds up enough insulation strength
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to extinguish the arc.  The SF6 circuit breakers have been found to be very effective for high power
and high voltage service.

Construction.  Fig. 19.11 shows the parts of a typical SF6 circuit breaker.  It consists of fixed
and moving contacts enclosed in a chamber (called arc interruption chamber) containing SF6 gas.
This chamber is connected to SF6 gas reservior.  When the contacts of breaker are opened, the valve
mechanism permits a high pressure SF6 gas from the reservoir to flow towards the arc interruption
chamber.  The fixed contact is a hollow cylindrical current carrying contact fitted with an arc horn.
The moving contact is also a hollow cylinder with rectangular holes in the sides to permit the SF6 gas
to let out through these holes after flowing along and across the arc.  The tips of fixed contact, moving
contact and arcing horn are coated with copper-tungsten arc resistant material.  Since SF6 gas is
costly, it is reconditioned and reclaimed by suitable auxiliary sytem after each operation of the breaker.

Working.  In the closed position of the breaker, the contacts remain surrounded by SF6 gas at a
pressure of about 2·8 kg/cm2.  When the breaker operates, the moving contact is pulled apart and an
arc is struck between the contacts.  The movement of the moving contact is synchronised with the
opening of a valve which permits SF6 gas at 14 kg/cm2 pressure from the reservoir to the arc interrup-
tion chamber.  The high pressure flow of SF6 rapidly absorbs the free electrons in the arc path to form
immobile negative ions which are ineffective as charge carriers.  The result is that the medium be-
tween the contacts quickly builds up high dielectric strength and causes the extinction of the arc.
After the breaker operation (i.e., after arc extinction), the valve is closed by the action of a set of
springs.

Advantages.  Due to the superior arc quenching properties of SF6 gas, the SF6 circuit breakers
have many advantages over oil or air circuit breakers.  Some of them are listed below :

(i) Due to the superior arc quenching property of SF6, such circuit breakers have very short
arcing time.

(ii) Since the dielectric strength of SF6 gas is 2 to 3 times that of air, such breakers can interrupt
much larger currents.

(iii) The SF6 circuit breaker gives noiselss operation due to its closed gas circuit and no exhaust
to atmosphere unlike the air blast circuit breaker.
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(iv) The closed gas enclosure keeps the interior dry so that there is no moisture problem.
(v) There is no risk of fire in such breakers because SF6 gas is non-inflammable.

(vi) There are no carbon deposits so that tracking and insulation problems are eliminated.
(vii) The SF6 breakers have low maintenance cost, light foundation requirements and minimum

auxiliary equipment.
(viii) Since SF6 breakers are totally enclosed and sealed from atmosphere, they are particularly

suitable where explosion hazard exists e.g., coal mines.
Disadvantages
(i) SF6 breakers are costly due to the high cost of SF6.

(ii)  Since SF6 gas has to be reconditioned after every operation of the breaker, additional equip-
ment is requried for this purpose.

Applications.  A typical SF6 circuit breaker consists of interrupter units each capable of dealing
with currents upto 60 kA and voltages in the range of 50—80 kV.  A number of units are connected in
series according to the system voltage.  SF6 circuit breakers have been developed for voltages 115 kV
to 230 kV, power ratings 10 MVA to 20 MVA and interrupting time less than 3 cycles.

19.1619.1619.1619.1619.16  V V V V Vacuum  Ciracuum  Ciracuum  Ciracuum  Ciracuum  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakers (VCB)eakers (VCB)eakers (VCB)eakers (VCB)eakers (VCB)
In such breakers, vacuum (degree of vacuum being in the range from 10−7 to 10−5 torr) is used as the
arc quenching medium.  Since vacuum offers the highest insulating strength, it has far superior arc
quenching properties than any other medium.  For example, when contacts of a breaker are opened in
vacuum, the interruption occurs at first current zero with dielectric strength between the contacts
building up at a rate thousands of times higher than that obtained with other circuit breakers.

Principle.  The production of arc in a vacuum circuit breaker and its extinction can be explained
as follows : When the contacts of the breaker are opened in vacuum (10−7 to 10−5 torr), an arc is
produced between the contacts by the ionisation of metal vapours of contacts*.  However, the arc is
quickly extinguished because the metallic vapours, electrons and ions produced during arc rapidly
condense on the surfaces of the circuit breaker contacts, resulting in quick recovery of dielectric
strength.  The reader may note the salient feature of vacuum as an arc quenching medium.  As soon as
the arc is produced in vacuum, it is quickly extinguished due to the fast rate of recovery of dielectric
strength in vacuum.

Construction.  Fig. 19.12 shows the parts of a typical vacuum circuit breaker.  It consists of
fixed contact, moving contact and arc shield mounted inside a vacuum chamber.  The movable mem-
ber is connected to the control mechanism by stainless steel bellows.  This enables the permanent
sealing of the vacuum chamber so as to eliminate the possibility of leak.  A glass vessel or ceramic
vessel is used as the outer insulating body.  The arc shield prevents the deterioration of the internal
dielectric strength by preventing metallic vapours falling on the inside surface of the outer insulating
cover.

Working.  When the breaker operates, the moving contact separates from the fixed contact and
an arc is struck between the contacts.  The production of arc is due to the ionisation of metal ions and
depends very much upon the material of contacts.  The arc is quickly extinguished because the metal-
lic vapours, electrons and ions produced during arc are diffused in a short time and seized by the
surfaces of moving and fixed members and shields.  Since vacuum has very fast rate of recovery of
dielectric strength, the arc extinction in a vacuum breaker occurs with a short contact separation (say
0·625 cm).

* This can be explained by Field emission theory.  The microscopic sharp projections on the surface of
contacts of the circuit breaker act as points of high intensity field, resulting in the emission of electrons.
Since the sectional area of each projection is very small, the current density becomes very large and the
heat produced causes melting of projections.
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Advantages.  Vacuum circuit breakers have the following advantages :
(i) They are compact, reliable and have longer life.

(ii) There are no fire hazards.
(iii) There is no generation of gas during and after operation.
(iv) They can interrupt any fault current.  The outstanding feature of a VCB is that it can break

any heavy fault current perfectly just before the contacts reach the definite open position.
(v) They require little maintenance and are quiet in operation.

(vi) They can successfully withstand lightning surges.
(vii) They have low arc energy.

(viii) They have low inertia and hence require smaller power for control mechanism.

Applications.  For a country like India, where distances are quite large and accessibility to
remote areas difficult, the installation of such outdoor, maintenance free circuit breakers should prove
a definite advantage.  Vacuum circuit breakers are being employed for outdoor applications ranging
from 22 kV to 66 kV.  Even with limited rating of say 60 to 100 MVA, they are suitable for a majority
of applications in rural areas.

19.1719.1719.1719.1719.17  Switchgear  Components Switchgear  Components Switchgear  Components Switchgear  Components Switchgear  Components
The following are some important components common to most of the circuit breakers :

(i) Bushings  (ii)  Circuit breaker contacts

(iii) Instrument transformers (iv)   Bus-bars and conductors
(i) Bushings.  When a high voltage conductor passes through a metal sheet or frame which is at

earth potential, the necessary insulation is provided in the form of bushing.  The primary function of
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the bushing is to prevent electrical breakdown between the enclosed conductor and the surrounding
earthed metal work.  Fig. 19.13 (i) shows the use of bushing for a plain-break oil circuit breaker.  The
high voltage conductor passes through the bushing made of some insulating material (e.g., porcelain,
steatite).  Although there are several types of bushing (e.g., condenser type, oil filled etc.), they
perfom the same function of insulating the conductor from earthed tank.

The failure of the bushing can occur in two ways.  Firstly, the breakdown may be caused by
puncture i.e., dielectric failure of the insulating material of the bushing.  Secondly, the breakdown
may occur in the form of a flash-over between the exposed conductor at either end of the bushing and
the earthed metal.  Fig. 19.13 (ii) illustrates these two possibilities.  The bushings are so designed that
flash-over takes place before they get punctured.  It is because the puncture generally renders the
bushing insulation unserviceable and incapable of withstanding the normal voltage.  On the other
hand, a flash-over may result in comparatively harmless burning of the surface of the bushing which
can then continue to give adequate service pending replacement.

(ii) Circuit breaker contacts.  The circuit breaker contacts are required to carry normal as well
as short-circuit current.  In carrying the normal current, it is desirable that the temperature should not
rise above the specified limits and that there should be low voltage drop at the point of contact.  In
carrying breaking and making short-circuit currents, the chief effects to be dealt with are melting and
vapourisation by the heat of the arc and those due to electromagnetic forces.  Therefore, the design of
contacts is of considerable importance for satisfactory operation of the circuit breakers.  There are
three types of circuit breaker contacts viz.

(a) Tulip type contacts.  Fig. 19.14 (i) shows the Tulip type contact.  It consists of moving
contact which moves inside the fixed contacts.  At contact separation, the arc is generally
established between the tips of the fixed contacts and the tip of the moving contact as shown
in Fig. 19.14 (ii).  The advantage of this type of contact is that arcing is confined to the
regions which are not in contact in the fully engaged position.

(b) Finger and wedge contacts.  Fig. 19.15 (i) shows the finger and wedge type contact.  This
type of contact is largely used for low-voltage oil circuit breakers owing to the general
unsuitability for use with arc control devices.
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(c) Butt contacts.  Fig. 19.15 (ii) shows the butt type contact and is formed by the springs and

the moving contact.  It possesses two advantages.  Firstly, spring pressure is available to
assist contact separation.  This is useful in single-break oil circuit breakers and air-blast
circuit breakers where relatively small “loop” forces are available to assist in opening.  Sec-
ondly, there is no grip force so that this type of contact is especially suitable for higher short-
circuit rating.

(iii) Instrument transformers.  In a modern power system, the circuits operate at very high
voltages and carry current of thousands of amperes.  The measuring instruments and protective de-
vices cannot work satisfactorily if mounted directly on the power lines.  This difficulty is overcome
by installing instrument transformers on the power lines.  The function of these instrument transform-
ers is to transform voltages or currents in the power lines to values which are convenient for the
operation of measuring instruments and relays.  There are two types of instrument transformers viz.

(a) Current transformer (C.T.)
(b) Potential transformer (P.T.)
The primary of current transformer is connected in the power line.  The secondary winding

provides for the instruments and relays a current which is a constant fraction of the current in the line.
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Similarly, a potential transformer is connected with its primary in the power line. The secondary
provides for the instruments and relays a voltage which is a known fraction of the line voltage.

Fig. 19.16 shows the use of instrument transformers. The *potential transformer rated 66,000/
110V provides a voltage supply for the potential coils of voltmeter and wattmeter.  The current
transformer rated 1000/5 A supplies current to the current coils of wattmeter and ammeter.  The use
of instrument transformers permits the following advantages :

(a) They isolate the measuring instruments and relays from high-voltage power circuits.
(b) The leads in the secondary circuits carry relatively small voltages and currents.  This per-

mits to use wires of smaller size with minimum insulation.
(iv) Bus-bars and conductors.  The current carrying members in a circuit breaker consist of

fixed and moving contacts and the conductors connecting these to the points external to the breaker.
If the switchgear is of outdoor type, these connections are connected directly to the overhead lines.  In
case of indoor switchgear, the incoming conductors to the circuit breaker are connected to the bus-
bars.

19.1819.1819.1819.1819.18  Pr Pr Pr Pr Problems  of  Ciroblems  of  Ciroblems  of  Ciroblems  of  Ciroblems  of  Circuit  Interruptioncuit  Interruptioncuit  Interruptioncuit  Interruptioncuit  Interruption
The power system contains an appreciable amount of inductance and some capacitance.  When a fault
occurs, the energy stored in the system can be considerable.  Interruption of fault current by a circuit
breaker will result in most of the stored energy dissipated within the circuit breaker, the remainder
being dissipated during oscillatory surges in the system.  The oscillatory surges are undesirable and,
therefore, the circuit breaker must be designed to dissipate as much of the stored energy as possible.

Fig. 19.17 (i) shows a short-circuit occuring on the transmission line.  Fig 19.17 (ii) shows its
equivalent circuit where L is the inductance per phase of the **system upto the point of fault and C is
the capacitance per phase of the system.  The resistance of the system is neglected as it is generally
small.

(i) Rate of rise of re-striking voltage.  It is the rate of increase of re-striking voltage and is
abbreviated by R.R.R.V.  Usually, the voltage is in kV and time in
microseconds so that R.R.R.V. is in kV/µ sec.

Consider the opening of a circuit breaker under fault condi-
tions shown in simplified form in Fig. 19.17 (ii) above. Before cur-
rent interruption, the capacitance C is short-circuited by the fault
and the short-circuit current through the breaker is limited by in-
ductance L of the system only.  Consequently, the short-circuit cur-
rent will lag the voltage by 90º as shown in Fig. 19.18, where i
represents the short-circuit current and ea represents the arc volt-

* Note that one side of each secondary circuit is grounded.  This is done to prevent it from becoming charged
at high potential should a breakdown of potential transformer (or current transformer) insulation occur.

** Generator, transformer and transmission line in this case.
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age.  It may be seen that in this condition, the *entire generator voltage appears across inductance L.
When the contacts are opened and the arc finally extinguishes at some current zero, the generator

voltage e is suddenly applied to the inductance and capacitance in series.  This L–C combination
forms an oscillatory circuit and produces a transient of frequency :

fn =
1

2 π LC

which appears across the capacitor C and hence across the contacts of the circuit breaker.  This
transient voltage, as already noted, is known as re-striking voltage and may reach an instantaneous
peak value twice the peak phase-neutral voltage i.e. 2 Em.  The system losses cause the oscillations to
decay fairly rapidly but the initial overshoot increases the possibility of re-striking the arc.

It is the rate of rise of re-striking voltage (R.R.R.V.) which decides whether the arc will re-strike
or not.  If R.R.R.V. is greater than the rate of rise of dielectric strength between the contacts, the arc
will re-strike.  However, the arc will fail to re-strike if R.R.R.V. is less than the rate of increase of
dielectric strength between the contacts of the breaker.  The value of R.R.R.V. depends upon :

(a) recovery voltage

(b) natural frequency of oscillations
For a short-circuit occuring near the power station bus-bars, C being small, the natural frequency

fn ( )= 1 2 π LC  will be high.  Consequently, R.R.R.V. will attain a large value.  Thus the worst

condition for a circuit breaker would be that when the fault takes place near the bus-bars.
(ii) Current chopping.  It is the phenomenon of current interruption before the natural current

zero is reached.

Current chopping **mainly occurs in air-blast circuit breakers because they retain the same
extinguishing power irrespective of the magnitude of the current to be interrupted.  When breaking
low currents (e.g., transformer magnetising current) with such breakers, the powerful de-ionising
effect of air-blast causes the current to fall abruptly to zero well before the natural current zero is
reached.  This phenomenon is known as current chopping and results in the production of high volt-
age transient across the contacts of the circuit breaker as discussed below :

Consider again Fig. 19.17 (ii) repeated as Fig. 19.19 (i).  Suppose the arc current is i when it is
chopped down to zero value as shown by point a in Fig. 19.19 (ii).  As the chop occurs at current i,
therefore, the energy stored in inductance is L i2/2.  This energy will be transferred to the capacitance
C, charging the latter to a prospective voltage e given by :

1

2
2L i =

C e2

2

or e = i
L

C
 volts ...(i)

The prospectve voltage e is very *** high as compared to the dielectric strength gained by the
gap so that the breaker restrikes.  As the de-ionising force is still in action, therefore, chop occurs
again but the arc current this time is smaller than the previous case.  This induces a lower prospective

* Because capacitance is short-circuited by the fault.

** Current chopping is not common in oil circuit breakers because in most of them, arc control is proportional
to the fault current to be interrupted.  In other words, the exinguishing power in such breakers is propor-
tional to the current to be interrupted.

*** For example, if L and C are 4mH and 0·001 µF respectively, a current chop of magnitude 50 A would
induce a voltage of

e = i
L

C
 = 50

4 10

0 001 10

3

6
×

⋅ ×

−

−  = 100 × 103 volts = 100 kV
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voltage to re-ignite the arc.  In fact, several chops may occur until a low enough current is interrupted
which produces insufficient induced voltage to re-strike across the breaker gap.  Consequently, the
final interruption of current takes place.

Excessive voltage surges due to current chopping are prevented by shunting the contacts of the
breaker with a resistor (resistance switching) such that reignition is unlikely to occur.  This is ex-
plained in Art 19.19.

(iii) Capacitive current breaking.  Another cause of ex-
cessive voltage surges in the circuit breakers is the interruption
of capacitive currents.  Examples of such instances are opening
of an unloaded long transmission line, disconnecting a capacitor
bank used for power factor improvement etc.  Consider the simple
equivalent circuit of an unloaded transmission line shown in Fig.
19.20.  Such a line, although unloaded in the normal sense, will
actually carry a capacitive current I on account of appreciable
amount of capacitance C between the line and the earth.

Let us suppose that the line is opened by the circuit breaker
at the instant when line capacitive current is zero [point 1 in Fig. 19.21].  At this instant, the generator
voltage V g will be maximum (i.e., V gm) lagging behind the current by 90º.  The opening of the line
leaves a standing charge on it (i.e., end B of the line)
and the capacitor C1 is charged to V gm.  However, the
generator end of the line (i.e., end A  of the line) contin-
ues its normal sinusoidal variations.  The voltage V r
across the circuit breaker will be the difference between
the voltages on the respective sides. Its initial value is
zero (point 1) and increases slowly in the beginning.
But half a cycle later [point R in Fig. 19.21], the poten-
tial of the circuit breaker contact ‘A ’ becomes maximum
negative which causes the voltage across the breaker (Vr)
to become 2 V gm.  This voltage may be sufficient to re-
strike the arc.  The two previously separated parts of the
circuit will now be joined by an arc of very low resis-
tance.  The line capacitance discharges at once to re-
duce the voltage across the circuit breaker, thus setting up high frequency transient.  The peak value
of the initial transient will be twice the voltage at that instant i.e., − 4 V gm.  This will cause the
transmission voltage to swing to − 4 V gm to + V gm i.e., −3V gm.
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The re-strike arc current quickly reaches its first zero as it varies at natural frequency.  The

voltage on the line is now −3V gm and once again the two halves of the circuit are separated and the line
is isolated at this potential.  After about half a cycle further, the aforesaid events are repeated even on
more formidable scale and the line may be left with a potential of 5V gm above earth potential.  Theo-
retically, this phenomenon may proceed infinitely increasing the voltage by successive increment of
2 times V gm.

While the above description relates to the worst possible conditions, it is obvious that if the gap
breakdown strength does not increase rapidly enough, successive re-strikes can build up a dangerous
voltage in the open circuit line.  However, due to leakage and corona loss, the maximum voltage on
the line in such cases is limited to 5 V gm.

19.1919.1919.1919.1919.19 Resistance  SwitchingResistance  SwitchingResistance  SwitchingResistance  SwitchingResistance  Switching
It has been discussed above that current chopping, capacitive current breaking etc. give rise to

severe voltage oscillations.  These excessive voltage surges during circuit interruption can be pre-
vented by the use of shunt resistance R connected across the circuit breaker contacts as shown in the
equivalent circuit in Fig. 19.22.  This is known as resistance switching.

Referring to Fig. 19.22, when a fault occurs, the contacts of the circuit breaker are opened and an
arc is struck between the contacts.  Since the contacts are shunted by resistance R, a part of arc current
flows through this resistance.  This results in the decrease of arc current and an increase in the rate of
de-ionisation of the arc path.  Consequently, the arc resistance is increased.  The increased arc resis-
tance leads to a further increase in current through shunt resistance.  This process continues until the
arc current becomes so small that it fails to maintain the arc.  Now, the arc is extinguished and circuit
current is interrupted.

The shunt resistor also helps in limiting the oscillatory growth of re-striking voltage.  It can be
proved mathematically that natural frequency of oscillations of the circuit shown in Fig. 19.22 is
given by :

fn = 1

2

1 1

4 2 2π LC R C
−

The effect of shunt resistance R is to prevent the oscillatory growth of re-striking voltage and
cause it to grow exponentially upto recovery voltage.  This is being most effective when the value of
R is so chosen that the circuit is critically damped.  The value of R required for critical damping is

0·5 L C/ .  Fig. 19.23 shows the oscillatory growth and exponential growth when the circuit is
critically damped.

To sum up, resistors across breaker contacts may be used to perform one or more of the follow-
ing functions :

(i) To reduce the rate of rise of re-striking voltage and the peak value of re-striking voltage.
(ii) To reduce the voltage surges due to current chopping and capacitive current breaking.
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(iii) To ensure even sharing of re-striking voltage transient acorss the various breaks in multi-
break circuit breakers.

It may be noted that value of resistance required to perform each function is usually different.
However, it is often necessary to compromise and make one resistor do more than one of these
functions.

19.2019.2019.2019.2019.20  Cir Cir Cir Cir Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakeakeakeakeaker  Raer  Raer  Raer  Raer  Ratingstingstingstingstings

A circuit breaker may be called upon to operate under all conditions.  However, major duties are
imposed on the circuit breaker when there is a fault on the system in which it is connected.  Under
fault conditions, a circuit breaker is required to perform the following three duties :

(i) It must be capable of opening the faulty circuit and breaking the fault current.
(ii) It must be capable of being closed on to a fault.

(iii) It must be capable of carrying fault current for a short time while another circuit breaker (in
series) is clearing the fault.

Corresponding to the above mentioned duties, the circuit breakers have three ratings viz.
(i) breaking capacity (ii) making capacity and (iii) short-time capacity.

(i) Breaking capacity.  It is current (r.m.s.) that a circuit breaker is capable of breaking at
given recovery voltage and under specified conditions (e.g., power factor, rate of rise of re-
striking voltage).

The breaking capacity is always stated at the r.m.s. value of
fault current at the instant of contact separation.  When a fault
occurs, there is considerable asymmetry in the fault current due
to the presence of a d.c. component.  The d.c. component dies
away rapidly, a typical decrement factor being 0·8 per cycle.
Referring to Fig. 19.24, the contacts are separated at DD´.  At
this instant, the fault current has

x = maximum value of a.c.
component

y = d.c. component
∴ Symmetrical breaking current = r.m.s. value of a.c. component

=
x

2
Asymmetrical breaking current = r.m.s. value of total current

=
x

y
2

2
2F

HG
I
KJ +

It is a common practice to express the breaking capacity in MVA by taking into account the rated
breaking current and rated service voltage.  Thus, if I is the rated breaking current in amperes and V
is the rated service line voltage in volts, then for a 3-phase circuit,

Breaking capacity = 3 × V × I × 10−6 MVA

In India (or Britain), it is a usual practice to take breaking current equal to the symmetrical
breaking current.  However, American practice is to take breaking current equal to asymmetrical
breaking current.  Thus the American rating given to a circuit breaker is higher than the Indian or
British rating.

It seems to be illogical to give breaking capacity in MVA since it is obtained from the product of
short-circuit current and rated service voltage.  When the short-circuit current is flowing, there is only
a small voltage across the breaker contacts, while the service voltage appears across the contacts only
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after the current has been interrupted.  Thus MVA rating is the product of two quantities which do not
exist simultaneously in the circuit.

Therefore, the *agreed international standard of specifying breaking capacity is defined as the
rated symmetrical breaking current at a rated voltage.

(ii) Making capacity.  There is always a possibility of closing or making the circuit under short-
circuit conditions.  The capacity of a breaker to “make” current depends upon its ability to
withstand and close successfully against the effects of electromagnetic forces.  These forces
are proportional to the square of maximum instantaneous current on closing.  Therefore,
making capacity is stated in terms of a peak value of current instead of r.m.s. value.

The peak value of current (including d.c. component) during the first cycle of current wave after
the closure of circuit breaker is known as making capacity.

It may be noted that the definition is concerned with the first cycle of current wave on closing the
circuit breaker.  This is because the maximum value of fault current possibly occurs in the first cycle
only when maximum asymmetry occurs in any phase of the breaker.  In other words, the making
current is equal to the maximum value of asymmetrical current.  To find this value, we must multiply

symmetrical breaking current by 2  to convert this from r.m.s. to peak, and then by 1·8 to include the

“doubling effect” of maximum asymmetry.  The total multiplication factor becomes 2  × 1·8 = 2·55.

∴     Making capacity   =2·55 × Symmetrical breaking capacity

(iii) Short-time rating.  It is the period for which the circuit breaker is able to carry fault
current while remaining closed.

Sometimes a fault on the system is of very temporary nature and persists for 1 or 2 seconds after
which the fault is automatically cleared.  In the interest of continuity of supply, the breaker should not
trip in such situations.  This means that circuit breakers should be able to carry high current safely for
some specified period while remaining closed i.e., they should have proven short-time rating.  How-
ever, if the fault persists for a duration longer than the specified time limit, the circuit breaker will
trip, disconnecting the faulty section.

The short-time rating of a circuit breaker depends upon its ability to withstand (a) the electro-
magnetic force effects and (b) the temperature rise.  The oil circuit breakers have a specified limit of
3 seconds when the ratio of symmetrical breaking current to the rated normal current does not exceed
40.  However, if this ratio is more than 40, then the specified limit is 1 second.

Normal current rating.  It is the r.m.s. value of current which the circuit breaker is capable of
carrying continuously at its rated frequency under specified conditions.  The only limitation in this
case is the temperature rise of current-carrying parts.

Example 19.1.  A circuit breaker is rated as 1500 A, 1000 MVA, 33 kV, 3-second, 3-phase oil
circuit breaker.  Find (i) rated normal current (ii) breaking capacity (iii) rated symmetrical breaking
current (iv) rated making current (v) short-time rating (vi) rated service voltage.

Solution.
(i) Rated normal current = 1500 A

(ii) Breaking capacity = 1000 MVA

* The proponents of MVA rating, however, advance another view which does not seem to be so illogical.
Though this MVA rating does not appear at the breaker contacts, it does exist in the windings of the
generating plant where both generated voltage and current exist simultaneously.  The generated voltage is
absorbed in the impedance of the circuit.  Since the impedance is distributed, the voltage cannot be mea-
sured anywhere while the faulty current is flowing.  Therefore, the only way to obtain its value is to
measure the recovery voltage immediately after current interruption.  This argument seems to have some
justification.
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 (iii) Rated symmetrical breaking current = 1000 10

3 33 10

6

3

×
× ×

 = 17496 A (r.m.s.)

(iv) Rated making current = 2·55 × 17496 = 44614 A (peak)
(v) Short-time rating = 17496A for 3 seconds
(vi) Rated service voltage = 33 kV (r.m.s.)

Example 19.2.  A 50 Hz, 11 kV, 3-phase alternator with earthed neutral has a reactance of 5
ohms per phase and is connected to a bus-bar through a circuit breaker. The distributed capacitance
upto circuit breaker between phase and neutral in 0·01 µF.  Determine

(i) peak re-striking voltage across the contacts of the breaker

(ii) frequency of oscillations

(iii) the average rate of rise of re-striking voltage upto the first peak
Solution.

Inductance per phase, L =
X

f
L

2

5

2 50π π
=

×
 =  0·0159 H

Capacitance per phase, C = 0·01 µF = 10−8 F

(i) Maximum value of recovery voltage (phase to neutral)

Emax = 2
11

3
×  = 8·98 kV

∴ Peak re-striking voltage = 2 Emax = 2 × 8·98 = 17·96 kV
(ii) Frequency of oscillations is

fn = 1
2

1

2 0 0159 10 8π πLC
=

⋅ × −
  =  12,628 Hz

(iii) Peak re-striking voltage occurs at a time t given by ;

t  =  
1

2
0 0159 10 8

f
LC

n

= = ⋅ × −π π  = 39·6 × 10−6 sec = 39·6 µ sec

∴ Average rate of rise of re-striking voltage

=
Peak re - striking voltage

Time upto first peak
17 kV
39 sec

= ⋅
⋅ µ
96
6

= 0·453 kV/µ sec = 453 ××××× 103 kV/sec
Example 19.3. In a short circuit test on a circuit breaker, the following readings were obtained

on single frequency transient :

(i) time to reach the peak re-striking voltage, 50 µ sec

(ii) the peak re-striking voltage, 100 kV

Determine the average RRRV and frequency of oscillations

Solution.

Average  RRRV =
Peak re - striking voltage
Time to reach peak value

=
100
50

kV
µ sec

 = 2 kV/µ Sec = 2 ××××× 106 kV/sec

Natural frequency of oscillations,

fn =
1

2 × Time to reach peak value
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=
1

2 50× µ sec

=
1

2 50 10 6× × −  = 10,000 Hz

Example 19.4.  An air-blast circuit breaker is designed  to interrupt a transformer magnetising
current of 11 A (r.m.s.) chops the current at an instantaneous value of 7 A.  If the values of L and C in
the circuit are 35·2 H and 0·0023 µF, find the value of voltage that appears across the contacts of the
breaker.  Assume that all the inductive energy is transferred to the capacitance.

Solution.
Voltage across breaker contacts at chopping is

e = i
L

C
(See. Art. 19.18)

Here, i = 7 A  ;   L = 35·2 H   and   C = 0·0023 µF

∴ e = 7
35 2

0 0023 10 6

⋅
⋅ × − volts  = 866  × 103 V = 866 kV

TUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMSTUTORIAL  PROBLEMS

1. A circuit breaker is rated 2500 A, 1500 MVA, 33 kV, 3 sec, 3-phase oil circuit breaker.  Determine (i) the
rated normal current (ii) breaking current (iii) making current (iv) short time rating current.

[(i) 2500 A (ii) 26243 A (iii) 66920 A (iv) 26243 A for 3 sec]
2. A circuit breaker is rated at 1500 A, 2000 MVA, 33 kV, 3 sec, 3-phase oil circuit breaker.  Determine

(i)the rated normal current (ii) breaking current (iii) making current (iv) short time rating current.

[(i)1500A (ii) 34·29 kA (iii) 89·22 kA (iv) 34·29 kA for 3 sec]

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures.
(i) A circuit breaker opens ............. when a fault occurs on the system.

(ii) A circuit breaker can .......... the circuit immediately after automatic operation.
(iii) When the contacts of a circuit breaker are opened on the occurrence of a fault, an ........ is struck.
(iv) An a.c. circuit is more easily interrupted than a d.c. circuit because alternating current provides

.............. .
(v) If the length of the arc increases, its resistance is .............. .

(vi) If dielectric strength of the medium between contacts builds up more rapidly than the re-striking
voltage, then arc will be .................. .

(vii) In an oil circuit breaker, ................. is used as the arc quenching medium.
(viii) The quantity of oil needed for arc control oil circuit breakers is ............. than that of plain break oil-

circuit breaker.
(ix) Current chopping mainly occurs in ................. circuit breakers.
(x) Capacitive current breaking results in .....................

2. Pick up the correct words/figures from the brackets and fill in the blanks.
(i) Cross jet explosion pot breaker can interrupt ............. short circuit currents efficiently.

(heavy, low)
(ii) In forced blast oil circuit breakers, the extinguishing force is ......... the fault current to be interrupted.

(dependent upon, independent of)
(iii) In low oil circuit breakers, ............... is used for insulation purposes. (solid material, oil)
(iv) Forced-blast circuit breakers have .............. speed of circuit interruption. (low, high)



486486486486486 Principles of Power System

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

1. (i) automatically   (ii) remake   (iii) arc  (iv) natural current zeros   (v) increased  (vi) extinguished

(vii) some mineral oil  (viii) less (ix) air-blast  (x) voltage surges

2. (i) heavy (ii) independent of  (iii) solid material (iv) high

CHAPTER   REVIEW   TOPICSCHAPTER   REVIEW   TOPICSCHAPTER   REVIEW   TOPICSCHAPTER   REVIEW   TOPICSCHAPTER   REVIEW   TOPICS

1. What is a circuit breaker ?  Describe its operating principle.

2. Discuss the arc phenomenon in a circuit breaker.

3. Explain the various methods of arc extinction in a circuit breaker.

4. Define and explain the following terms as applied to circuit breakers :

(i) Arc voltage

(ii) Restriking voltage

(iii) Recovery voltage

5. Describe briefly the action of an oil circuit breaker.  How does oil help in arc extinction ?

6. Discuss the advantages and disadvantages of oil circuit breakers.

7. Explain with neat sketches the construction and working of the following circuit breakers :

(i) Plain explosion pot

(ii) Cross jet explosion pot

(iii) Self-compensated explosion pot

8. Explain the difference between bulk oil circuit breakers and low-oil circuit breakers.

9. Discuss the constructional details and operation of a typical low-oil circuit breaker ?  What are its relative
merits and demerits ?

10. Discuss the principle of operation of an air-blast circuit breaker.  What are the advantages and disadvantages
of using air as the arc quenching medium ?

11. Explain briefly the following types of air-blast circuit breakers :

(i) Axial-blast type

(ii) Cross-blast type

12. What are the important components common to most of circuit breakers ?  Discuss each component
briefly.

13. Write a short note on the rate of re-striking voltage indicating its importance in the arc extinction.

14. Discuss the phenomenon of

(i) Current chopping

(ii) Capacitive current breaking

15. Write short notes on the following :

(i) Resistance switching

(ii) Circuit breaker ratings

(iii) Circuit interruption problems

DISCUSSION   QUESTIONSDISCUSSION   QUESTIONSDISCUSSION   QUESTIONSDISCUSSION   QUESTIONSDISCUSSION   QUESTIONS

1. Why do plain break oil circuit breakers have a low speed of circuit interruption ?

2. Is it logical to express the breaking capacity of a circuit breaker in MVA ? Discuss.

3. Why is current interruption easier in an a.c. circuit than in a d.c. circuit ?

4. Why are circuit breakers designed to have a short-time rating ?

5. Is arc production in a circuit breaker unfortunate mainfestation ?
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20.1 Fuses

20.2 Desirable Characteristics of Fuse

Element

20.3 Fuse Element Materials

20.4 Important Terms

20.5 Types of Fuses

20.6 Low Voltage Fuses

20.7 High Voltage Fuses

20.8 Carrent Carrying Capacity of Fuse

Element

20.9 Difference Between a Fuse and
Circuit Breaker

IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

It was discussed in the previous chapter that
a circuit breaker interrupts the circuit auto-
matically on the occurrence of a short-cir-

cuit fault.  The same function can also be per-
formed by a fuse, though with lesser reliability
and efficiency.  Invented in 1890 by Edison, fuse
is the cheapest form of protection against exces-
sive currents.  Many improvements have been
made since the invention of first crude model.
Now-a-days, several types of fuses are available
which find extensive use in low to moderate volt-
age applications where frequent operations are
not expected or where the use of circuit breaker
is uneconomical.  In this chapter, we shall con-
fine our attention to the various types of fuses
and their applications in the fast expanding power
system.

20.120.120.120.120.1   Fuses  Fuses  Fuses  Fuses  Fuses

A  fuse is a short piece of metal, inserted in the
circuit, which melts when excessive current flows
through it and thus breaks the circuit.

The fuse element is generally made of mate-
rials having low melting point, high conductivity
and least deterioration due to oxidation e.g., sil-
ver, copper etc.  It is inserted in series with the
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* Discrimination between two fuses is said to occur if on the occurrence of a short-circuit or overcurrent
fault, only the desired fuse operates.

circuit to be protected.  Under normal operating conditions, the fuse element is at a temperature
below its melting point.  Therefore, it carries the normal current without overheating.  However, when
a short-circuit or overload occurs, the current through the fuse increases beyond its rated value.  This
raises the temperature and fuse element melts (or blows out), disconnecting the circuit protected by it.
In this way, a fuse protects the machines and equipment from damage due to excessive currents.

The time required to blow out the fuse depends upon the magnitude of excessive current.  The
greater the current, the smaller is the time taken by the fuse to blow out.  In other words, a fuse has
inverse time-current characteristics as shown in Fig. 20.1.  Such a characteristic permits its use for
overcurrent protection.
Advantages

(i) It is the cheapest form of protection available.

(ii) It requires no maintenance.
(iii) Its operation is inherently completely automatic unlike a circuit breaker which requires an

elaborate equipment for automatic action.
(iv) It can break heavy short-circuit currents without noise or smoke.

(v) The smaller sizes of fuse element impose a current limiting effect under short-circuit condi-
tions.

(vi) The inverse time-current characteristic of a fuse makes it suitable for overcurrent protection.
(vii) The minimum time of operation can be made much shorter than with the circuit breakers.

Disadvantages
(i) Considerable time is lost in rewiring or replacing a fuse after operation.

(ii) On heavy short-circuits, *discrimination between fuses in series cannot be obtained unless
there is sufficient difference in the sizes of the fuses concerned.

(iii) The current-time characteristic of a fuse cannot always be co-related with that of the pro-
tected apparatus.
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20.220.220.220.220.2   Desirable  Characteristics  of   Fuse  Element  Desirable  Characteristics  of   Fuse  Element  Desirable  Characteristics  of   Fuse  Element  Desirable  Characteristics  of   Fuse  Element  Desirable  Characteristics  of   Fuse  Element

The function of a fuse is to carry the normal current without overheating but when the current exceeds
its normal value, it rapidly heats up to melting point and disconnects the circuit protected by it.  In
order that it may perform this function satisfactorily, the fuse element should have the following
desirable characteristics :

(i) low melting point e.g., tin, lead.
(ii) high conductivity e.g., silver, copper.

(iii) free from deterioration due to oxidation e.g., silver.
(iv) low cost e.g., lead, tin, copper.
The above discussion reveals that no material possesses all the characteristics.  For instance, lead

has low melting point but it has high specific resistance and is liable to oxidation.  Similarly, copper
has high conductivity and low cost but oxidises rapidly.  Therefore, a compromise is made in the
selection of material for a fuse.

20.320.320.320.320.3   Fuse  Element  Materials  Fuse  Element  Materials  Fuse  Element  Materials  Fuse  Element  Materials  Fuse  Element  Materials

The most commonly used materials for fuse element are lead, tin, copper, zinc and silver.  For small
currents upto 10 A, tin or an alloy of lead and tin (lead 37%, tin 63%) is used for making the fuse
element. For larger currents, copper or silver is employed.  It is a usual practice to tin the copper to
protect it from oxidation.  Zinc (in strip form only) is good if a fuse with considerable time-lag is
required i.e., one which does not melt very quickly with a small overload.

The present trend is to use silver despite its high cost due to the following reasons :
(i) It is comparatively free from oxidation.

(ii) It does not deteriorate when used in dry air.
(iii) The coefficient of expansion of silver is so small that no critical fatigue occurs.  Therefore,

the fuse element can carry the rated current continuously for a long time.
(iv) The conductivity of silver is very high.  Therefore, for a given rating of fuse element, the

mass of silver metal required is smaller than that of other materials.  This minimises the problem of
clearing the mass of vapourised material set free on fusion and thus permits fast operating speed.

(v) Due to comparatively low specific heat, silver fusible elements can be raised from normal
temperature to vapourisation quicker than other fusible elements.  Moreover, the resistance of silver
increases abruptly as the melting temperature is reached, thus making the transition from melting to
vapourisation almost instantaneous.  Consequently, operation becomes very much faster at higher
currents.

(vi) Silver vapourises at a temperature much lower than the one at which its vapour will readily
ionise.  Therefore, when an arc is formed through the vapourised portion of the element, the arc path
has high resistance.  As a result, short-circuit current is quickly interrupted.

20.420.420.420.420.4   Important  T  Important  T  Important  T  Important  T  Important  Tererererermsmsmsmsms

The following terms are much used in the analysis of fuses :
(i) Current rating of fuse element.  It is the current which the fuse element can normally carry

without overheating or melting.  It depends upon the temperature rise of the contacts of the
fuse holder, fuse material and the surroundings of the fuse.

(ii) Fusing current.  It is the minimum current at which the fuse element melts and thus discon-
nects the circuit protected by it.  Obviously, its value will be more than the current rating of
the fuse element.

For a round wire, the approximate relationship between fusing current I and diameter d of the
wire is
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I = k d3/2

where k is a constant, called the fuse constant.  Its value depends upon the metal of which the fuse
element is made.  Sir W.H. Preece found the value of k for different materials as given in the table
below :

Value of k
S. No. Material d in cm d in mm

1 Copper 2530 80

2 Aluminium 1873 59
3 Tin 405·5 12·8
4 Lead 340·6 10·8

The fusing current depends upon the various factors such as :

(a) material of fuse element
(b) length – the smaller the length, the greater the current because a short fuse can easily

conduct away all the heat
(c) diameter

(d) size and location of terminals
(e) previous history
(f) type of enclosure used

(iii) Fusing factor.  It is the ratio of minimum fusing current to the current rating of the fuse
element i.e.

Fusing factor = Minimum fusing current
Current rating of fuse

Its value is always more than one.  The smaller the fusing factor, the greater is the difficulty in
avoiding deterioration due to overheating and oxidation at rated carrying current.  For a semi-en-
closed or rewirable fuse which employs copper wire as the fuse element, the fusing factor is usually 2.
Lower values of fusing factor can be employed for enclosed type cartridge fuses using silver or
bimetallic elements.
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(iv) Prospective Current.  Fig. 20.2 shows how a.c. current is cut off by a fuse.  The fault
current would normally have a very large first loop, but it actually generates sufficient en-
ergy to melt the fuseable element well before the peak of this first loop is reached.  The r.m.s.
value of the first loop of fault current is known as prospective current.  Therefore, prospec-
tive current can be defined as under:

It is the r.m.s. value of the first loop of the fault current obtained if the fuse is replaced by an
ordinary conductor of negligible resistance.

(v) Cut-off current.  It is the maximum value of fault current actually reached before the fuse
melts.

On the occurrence of a fault, the fault current has a very large first loop due to a fair degree of
asymmetry.  The heat generated is sufficient to melt the fuse element well before the peak of first loop
is reached (point ‘a’ in Fig. 20.2).  The current corresponding to point ‘a’ is the cut off current.  The
cut off value depends upon :

(a) current rating of fuse
(b) value of prospective current

(c) asymmetry of short-circuit current
It may be mentioned here that outstanding feature of fuse action is the breaking of circuit before

the fault current reaches its first peak.  This gives the fuse a great advantage over a circuit breaker
since the most severe thermal and electro-magnetic effects of short-circuit currents (which occur at
the peak value of prospective current) are not experienced with fuses.  Therefore, the circuits pro-
tected by fuses can be designed to withstand maximum current equal to the cut-off value.  This
consideration together with the relative cheapness of fuses allows much saving in cost.

(vi) Pre-arcing time.  It is the time between the commencement of fault and the instant when cut
off occurs.

When a fault occurs, the fault current rises rapidly and generates heat in the fuse element.  As the
fault current reaches the cut off value, the fuse element melts and an arc in initiated.  The time from
the start of the fault to the instant the arc is initiated is known as pre-arcing time.  The pre-arcing time
is generally small : a typical value being 0·001second

(vii) Arcing time.  This is the time between the end of pre-arcing time and the instant when the
arc is extinguished.

(viii) Total operating time.  It is the sum of pre-arcing and arcing times.

It may be noted that operating time of a fuse is generally quite low (say 0·002 sec.) as compared
to a circuit breaker (say 0·2 sec or so).  This is an added advantage of a fuse over a circuit breaker.  A
fuse in series with a circuit breaker of low-breaking capacity is a useful and economical arrangement
to provide adequate short-circuit protection.  It is because the fuse will blow under fault conditions
before the circuit breaker has the time to operate.

(ix) Breaking capacity.  It is the r.m.s. value of a.c. component of maximum prospective current
that a fuse can deal with at rated service voltage.

20.520.520.520.520.5   T  T  T  T  Types  of  Fusesypes  of  Fusesypes  of  Fusesypes  of  Fusesypes  of  Fuses

Fuse is the simplest current interrupting device for protection against excessive currents.  Since the
invention of first fuse by Edison, several improvements have been made and now-a-days, a variety of
fuses are available.  Some fuses also incorporate means for extinguishing the arc that appears when
the fuse element melts.  In general, fuses may be classified into :

(i) Low voltages fuses (ii) High voltage fuses
It is a usual practice to provide isolating switches in series with fuses where it is necessary to

permit fuses to be replaced or rewired with safety.  If such means of isolation are not available, the
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fuses must be so shielded as to protect the user against accidental contact with the live metal when the
fuse carrier is being inserted or removed.

20.620.620.620.620.6    Low  V   Low  V   Low  V   Low  V   Low  Voltage  Fusesoltage  Fusesoltage  Fusesoltage  Fusesoltage  Fuses

Low voltage fuses can be subdivided into two classes viz., (i) semi-enclosed rewireable fuse (ii) high
rupturing capacity (H.R.C.) cartridge fuse.

1. Semi-enclosed rewireable fuse.  Rewireable fuse (also known as kit-kat type) is used where
low values of fault current are to be interrupted.  It consists of (i) a base and (ii) a fuse carrier.  The
base is of porcelain and carries the fixed contacts to which the incoming and outgoing phase wires are
connected.  The fuse carrier is also of porcelain and holds the fuse element (tinned copper wire)
between its terminals.  The fuse carrier can be inserted in or taken out of the base when desired.

When a fault occurs, the fuse element is blown out and the circuit is interrupted.  The fuse carrier
is taken out and the blown out fuse element is replaced by the new one.  The fuse carrier is then re-
inserted in the base to restore the supply.  This type of fuse has two advantages.  Firstly, the detach-
able fuse carrier permits the replacement of fuse element without any danger of coming in contact
with live parts.  Secondly, the cost of replacement is negligible.
Disadvantages

(i) There is a possibility of renewal by the fuse wire of wrong size or by improper material.
(ii) This type of fuse has a low-breaking capacity and hence cannot be used in circuits of high

fault level.
(iii) The fuse element is subjected to deterioration due to oxidation through the continuous heat-

ing up of the element.  Therefore, after some time, the current rating of the fuse is decreased
i.e., the fuse operates at a lower current than originally rated.

(iv) The protective capacity of such a fuse is uncertain as it is affected by the ambient conditions.
(v) Accurate calibration of the fuse wire is not possible because fusing current very much de-

pends upon the length of the fuse element.
Semi-enclosed rewireable fuses are made upto 500 A rated current, but their breaking capacity is

low e.g., on 400 V service, the breaking capacity is about 4000 A.  Therefore, the use of this type of
fuses is limited to domestic and lighting loads.

2. High-Rupturing capacity (H.R.C.) cartridge fuse.  The primary objection of low and
uncertain breaking capacity of semi-enclosed rewireable fuses is overcome in H.R.C. cartridge fuse.
Fig. 20.3 shows the essential parts of a typical H.R.C. cartridge fuse.  It consists of a heat resisting
ceramic body having metal end-caps to which is welded silver current-carrying element.  The space
within the body surrounding the element is completely packed with a filling powder.  The filling
material may be chalk, plaster of paris, quartz or marble dust and acts as an arc quenching and cooling
medium.

Under normal load conditions, the fuse element is at a temperature below its melting point.
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Therefore, it carries the normal current without overheating.  When a fault occurs, the current in-
creases and the fuse element melts before the fault current reaches its first peak.  The heat produced
in the process vapourises the melted silver element.  The chemical reaction between the silver vapour
and the filling powder results in the formation of a high resistance substance which helps in quench-
ing the arc.
Advantages

(i) They are capable of clearing high as well as low fault currents.

(ii) They do not deteriorate with age.
(iii) They have high speed of operation.
(iv) They provide reliable discrimination.

(v) They require no maintenance.
(vi) They are cheaper than other circuit interrupting devices of equal breaking capacity.

(vii) They permit consistent performance.

Disadvantages
(i) They have to be replaced after each operation.

(ii) Heat produced by the arc may affect the associated
switches.

3. H.R.C. fuse with tripping device.  Sometime, H.R.C.
cartridge fuse is provided with a tripping device.  When the fuse
blows out under fault conditions, the tripping device causes the
circuit breaker to operate.  Fig. 20.4 shows the essential parts of a
H.R.C. fuse with a tripping device.  The body of the fuse is of
ceramic material with a metallic cap rigidly fixed at each end.
These are connected by a number of silver fuse elements.  At one
end is a plunger which under fault conditions hits the tripping
mechanism of the circuit breaker and causes it to operate.  The
plunger is electrically connected through a fusible link, chemical
charge and a tungsten wire to the other end of the cap as shown.

When a fault occurs, the silver fuse elements are the first to
be blown out and then current is transferred to the tungsten wire.  The weak link in series with the
tungsten wire gets fused and causes the chemical charge to be detonated.  This forces the plunger
outward  to operate the circuit breaker.  The travel of the plunger is so set that it is not ejected from the
fuse body under fault conditions.

Advantages.  H.R.C. fuse with a tripping device has the following advantages over a H.R.C.
fuse without  tripping device :

(i) In case of a single phase fault on a three-phase system, the plunger operates the tripping
mechanism of circuit breaker to open all the three phases and thus prevents “single phas-
ing”.

(ii) The effects of full short circuit current need not be considered in the choice of circuit breaker.
This permits the use of a relatively inexpensive circuit breaker.

(iii) The fuse-tripped circuit breaker is generally capable of dealing with fairly small fault cur-
rents itself.  This avoids the necessity for replacing the fuse except after highest currents for
which it is intended.

Low voltage H.R.C. fuses may be built with a breaking capacity of 16,000 A to 30,000 A at
440V.  They are extensively used on low-voltage distribution system against over-load and short-
circuit conditions.
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20.720.720.720.720.7   High    High    High    High    High  VVVVVoltage  Fusesoltage  Fusesoltage  Fusesoltage  Fusesoltage  Fuses

The low-voltage fuses discussed so far have low normal current rating
and breaking capacity.  Therefore, they cannot be successfully used on
modern high voltage circuits.  Intensive research by the manufacturers
and supply engineers has led to the development of high voltage fuses.
Some of the high voltage fuses are :

(i) Cartridge type.  This is similar in general construction to the
low voltage cartridge type except that special design features are incorpo-
rated.  Some designs employ fuse elements wound in the form of a helix
so as to avoid corona effects at higher voltages.  On some designs, there
are two fuse elements in parallel ; one of low resistance (silver wire) and
the other of high resistance (tungsten wire).  Under normal load condi-
tions, the low resistance element carries the normal current.  When a fault
occurs, the low-resistance element is blown out and the high resistance
element reduces the short-circuit current and finally breaks the circuit.

High voltage cartridge fuses are used upto 33 kV with breaking ca-
pacity of about 8700 A at that voltage.  Rating of the order of  200 A at 6·6
kV and 11 kV and 50 A at 33 kV are also available.

(ii) Liquid type.  These fuses are filled with carbon tetrachloride
and have the widest range of application to h.v. systems.  They may be
used for circuits upto about 100 A rated current on systems upto 132 kV
and may have breaking capacities of the order of 6100 A.

Fig. 20.5 shows the essential parts of the liquid fuse.  It consists of a
glass tube filled with carbon tetrachloride solution and sealed at both ends
with brass caps.  The fuse wire is sealed at one end of the tube and the
other end of the wire is held by a strong phosphor bronze spiral spring
fixed at the other end of the glass tube.  When the current exceeds the
prescribed limit, the fuse wire is blown out.  As the fuse melts, the spring
retracts part of it through a baffle (or liquid director) and draws it well
into the liquid.  The small quantity of gas generated at the point of fusion
forces some part of liquid into the passage through baffle and there it
effectively extinguishes the arc.

(iii) Metal clad fuses.  Metal clad oil-immersed fuses have been developed with the object of
providing a substitute for the oil circuit breaker.  Such fuses can be used for very high voltage circuits
and operate most satisfactorily under short-circuit conditions approaching their rated capacity.

HRC  Fuse
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20.820.820.820.820.8   Curr  Curr  Curr  Curr  Current  Carrent  Carrent  Carrent  Carrent  Carrying  Caying  Caying  Caying  Caying  Capacity  of  Fuse  Elementpacity  of  Fuse  Elementpacity  of  Fuse  Elementpacity  of  Fuse  Elementpacity  of  Fuse  Element

The current carrying capacity of a fuse element mainly depends on the metal used and the cross-
sectional area but is affected also by the length, the state of surface and the surroundings of the fuse.
When the fuse element attains steady temperature,

Heat produced per sec = Heat lost per second by convection, radiation
and conduction

or I2R = Constant × Effective surface area

or I l
a

2 ρFH IK = constant × d × l

where d = diameter of fuse element
l = length of fuse element

∴ I
l

d
2

24

ρ
π/a f = constant × d × l

or I2 = constant × d3

or I2 ∝ d3 ...(i)
Expression (i) is known as ordinary fuse law.
Example 20.1.  A fuse wire of circular cross-section has a radius of 0·8 mm.  The wire blows off

at a current of 8A.  Calculate the radius of the wire that will blow off at a current of 1A.

Solution.
I2 ∝ r3

∴
I
I
2

1

2F
HG

I
KJ =

r
r
2

1

3F
HG

I
KJ

or r2 = r1 × I
I
2

1

2 3 2 3

0 8 1
8

F
HG

I
KJ = ⋅ × FH IK

/ /
 =  0·2 mm

20.920.920.920.920.9   Dif  Dif  Dif  Dif  Differferferferference Betwence Betwence Betwence Betwence Between  a  Fuse  and  Cireen  a  Fuse  and  Cireen  a  Fuse  and  Cireen  a  Fuse  and  Cireen  a  Fuse  and  Circuit  Brcuit  Brcuit  Brcuit  Brcuit  Breakeakeakeakeakererererer

It is worthwhile to indicate the salient differences between a fuse and a circuit breaker in the
tabular form.

S. No. Particular Fuse Circuit breaker

1. Function It performs both detection and
interruption functions.

2. Operation Inherently completely automatic.

3. Breaking capacity Small

4. Operating time Very small (0·002 sec or so)

5. Replacement Requires replacement after every
operation.

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures
(i) Fuses are generally used in circuits where ............... operations are not expected.

(ii) The minimum time of operation of a fuse is ............... than that of a circuit breaker.

It performs interruption function
only.  The detection of fault is
made by relay system.

Requires elaborate equipment
(i.e. relays) for automatic action.

Very large

Comparatively large (0·1 to 0·2
sec)

No replacement after operation.
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(iii) A fuse element should have ............... melting point.

(iv) The disadvantages of tin fuse element is that its vapour tends to ............... when it blows out.

(v) The value of fusing factor is always ............... than unity

(vi) Semi-enclosed rewireable fuses have ............... breaking capacity.

(vii) A fuse has ............... time current characteristics.

(viii) The action of a fuse is ............... completely automatic.

(ix) The fuse element is generally made of ...............

(x) The fuse melts well ............... the first peak of fault current is reached.

2. Pick up the correct words/figures from the brackets and fill in the blanks.
(i) A fuse is ............... than other circuit interrupting device of equal breaking capacity.

(cheaper, costlier)

(ii) For the same material, heavy-current fuse wires must have ............... diameters than for smaller
currents. (larger, smaller)

(iii) A fuse performs ............... functions. (both detection and interruption, interruption)

(iv) A fuse has ............... breaking capacity as compared to a circuit breaker. (low, high)

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

1. (i) frequent  (ii) smaller  (iii) low  (iv) maintain the arc  (v) more  (vi) low  (vii) inverse  (viii) inherently
(ix) silver  (x) before

2. (i) cheaper  (ii) larger  (iii) both detection and interruption  (iv) low

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. What is a fuse ? Discuss the advantages and disadvantages of a fuse.

2. Why do we prefer silver as a fuse element ?

3. Define and explain the following terms :

(i) fusing current  (ii) cut off current  (iii) operating time  (iv) breaking capacity

4. Write short notes on the following :

(i) Semi-enclosed rewireable fuse

(ii) H.R.C. cartridge fuse

(iii) Difference between a fuse and circuit breaker

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. Why are circuit breakers preferred to fuses ?

2. Why fuses cannot provide adequate discrimination on heavy short-circuit ?

3. Why fuses can interrupt heavy short-circuit currents successfully ?
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IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

In a power system consisting of generators,
transformers, transmission and distribution
circuits, it is inevitable that sooner or later

some failure will occur somewhere in the sys-
tem.  When a failure occurs on any part of the
system, it must be quickly detected and discon-
nected from the system.  There are two principal
reasons for it.  Firstly, if the fault is not cleared
quickly, it may cause unnecessary interruption of
service to the customers.  Secondly, rapid dis-
connection of faulted apparatus limits the amount
of damage to it and prevents the effects of fault
from spreading into the system.

The detection of a fault and disconnection
of a faulty section or apparatus can be achieved
by using fuses or relays in conjunction with cir-
cuit breakers.  A fuse performs both detection
and interruption functions automatically but its
use is limited for the protection of low-voltage
circuits only.  For high voltage circuits (say above
3·3 kV), relays and circuit breakers are employed
to serve the desired function of automatic pro-
tective gear.  The relays detect the fault and sup-
ply information to the circuit breaker which per-
forms the function of circuit interruption.  In this
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chapter, we shall focus our attention on the various types of relays and their increasing use for the
protection of power system.

21.121.121.121.121.1 PrPrPrPrProtective  Relaysotective  Relaysotective  Relaysotective  Relaysotective  Relays

A  protective relay is a device that detects the fault and initiates the operation of the circuit breaker
to ioslate the defective element from the rest of the system.

The relays detect the abnormal conditions in the electrical circuits by constantly measuring the
electrical quantities which are different under normal and fault conditions.  The electrical quantities
which may change under fault conditions are voltage, current, frequency and phase angle.  Through
the changes in one or more of these quantities, the faults signal their presence, type and location to the
protective relays.  Having detected the fault, the relay operates to close the trip circuit of the breaker.
This results in the opening of the breaker and disconnection of the faulty circuit.

A typical relay circuit is shown in Fig. 21.1.  This diagram
shows one phase of 3-phase system for simplicity.  The relay cir-
cuit connections can be divided into three parts viz.

(i) First part is the primary winding of a current transformer
(C.T.) which is connected in series with the line to be protected.

(ii) Second part consists of secondary winding of C.T. and
the relay operating coil.

(iii) Third part is the tripping circuit which may be either a.c.
or d.c.  It consists of a source of supply, the trip coil of the circuit
breaker and the relay stationary contacts.

When a short circuit occurs at point F on the transmission
line, the current flowing in the line increases to an enormous value.
This results in a heavy current flow through the relay coil, causing
the relay to operate by closing its contacts.  This in turn closes the
trip circuit of the breaker, making the circuit breaker open and
isolating the faulty section from the rest of the system.  In this way, the relay ensures the safety of the
circuit equipment from damage and normal working of the healthy portion of the system.

21.221.221.221.221.2  Fundamental  Requir Fundamental  Requir Fundamental  Requir Fundamental  Requir Fundamental  Requirements  of  Prements  of  Prements  of  Prements  of  Prements  of  Protective  Relayingotective  Relayingotective  Relayingotective  Relayingotective  Relaying

The principal function of protective relaying is to cause the prompt removal from service of any
element of the power system when it starts to operate in an abnormal manner or interfere with the
effective operation of the rest of the system.  In order that protective relay system may perform this
function satisfactorily, it should have the following qualities :

(i) selectivity (ii) speed (iii) sensitivity
(iv) reliability (v) simplicity (vi) economy

(i) Selectivity.  It is the ability of the protective system to select correctly that part of the system
in trouble and disconnect the faulty part without disturbing the rest of the system.

A well designed and efficient relay system should be selective i.e. it should be able to detect the
point at which the fault occurs and cause the opening of the circuit breakers closest to the fault with
minimum or no damage to the system.  This can be illustrated by referring to the single line diagram
of a portion of a typical power system shown in Fig. 21.2.  It may be seen that circuit breakers are
located in the connections to each power system element in order to make it possible to disconnect
only the faulty section.  Thus, if a fault occurs at bus-bars on the last zone, then only breakers nearest
to the fault viz. 10, 11, 12 and 13 should open.  In fact, opening of any other breaker to clear the fault
will lead to a greater part of the system being disconnected.
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In order to provide selectivity to the system, it is a usual practice to divide the entire system into
several protection zones.  When a fault occurs in a given zone, then only the circuit breakers within
that zone will be opened.  This will isolate only the faulty circuit or apparatus, leaving the healthy
circuits intact.  The system can be divided into the following protection zones :

(a) generators (b) low-tension switchgear (c) transformers
(d) high-tension switchgear (e) transmission lines
It may be seen in Fig. 21.2 that there is certain amount of overlap between the adjacent protection

zones.  For a failure within the region where two adjacent zones overlap, more breakers will be
opened than the minimum necessary to disconnect the faulty section.  But if there were no overlap, a
failure in the region between zones would not lie in either region and, therefore, no breaker would be
opened.  For this reason, a certain amount of overlap* is provided between the adjacent zones.

(ii) Speed.  The relay system should disconnect the faulty section as fast as possible for the
following reasons :

(a) Electrical apparatus may be damaged if they are made to carry the fault currents for a long
time.

(b) A failure on the system leads to a great reduction in the system voltage.  If the faulty section
is not disconnected quickly, then the low voltage created by the fault may shut down con-
sumers’ motors and the generators on the system may become unstable.

(c) The high speed relay system decreases the possibility of development of one type of fault
into the other more severe type.

(iii) Sensitivity.  It is the ability of the relay system to operate with low value of actuating
quantity.

Sensitivity of a relay is a function of the volt-amperes input to the coil of the relay necessary to
cause its operation.  The smaller the volt-ampere input required to cause relay operation, the more
sensitive is the relay.  Thus, a 1 VA relay is more sensitive than a 3 VA relay.  It is desirable that relay
system should be sensitive so that it operates with low values of volt-ampere input.

* The overlap is usually small and the probability of failure in this region is low.  Therefore, opening of too
many breakers will be quite infrequent.
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(iv) Reliability.  It is the ability of the relay system to operate under the pre-determined condi-
tions.  Without reliability, the protection would be rendered largely ineffective and could even be-
come a liability.

(v) Simplicity.  The relaying system should be simple so that it can be easily maintained.  Reli-
ability is closely related to simplicity.  The simpler the protection scheme, the greater will be its
reliability.

(vi) Economy.  The most important factor in the choice of a particular protection scheme is the
economic aspect.  Sometimes it is economically unjustified to use an ideal scheme of protection and
a compromise method has to be adopted.  As a rule, the protective gear should not cost more than 5%
of total cost.  However, when the apparatus to be protected is of utmost importance (e.g. generator,
main transmission line etc.), economic considerations are often subordinated to reliability.

21.321.321.321.321.3  Basic  Relays Basic  Relays Basic  Relays Basic  Relays Basic  Relays

Most of the relays used in the power system operate by virtue of the current and/or voltage supplied
by current and voltage transformers connected in various combinations to the system element that is
to be protected.  Through the individual or relative changes in these two quantities, faults signal their
presence, type and location to the protective relays.  Having detected the fault, the relay operates the
trip circuit which results in the opening of the circuit breaker and hence in the disconnection of the
faulty circuit.

Most of the relays in service on electric power system today are of electro-mechanical type.
They work on the following two main operating principles :

(i) Electromagnetic attraction
(ii) Electromagnetic induction

21.421.421.421.421.4  Electr Electr Electr Electr Electromagnetic  Attraction  Relaysomagnetic  Attraction  Relaysomagnetic  Attraction  Relaysomagnetic  Attraction  Relaysomagnetic  Attraction  Relays

Electromagnetic attraction relays operate by virtue of an armature being attracted to the poles of an
electromagnet or a plunger being drawn into a solenoid.  Such relays may be actuated by d.c. or a.c.
quantities.  The important types of electromagnetic attraction relays are :

(i) Attracted armature type relay.  Fig. 21.3 shows the
schematic arrangement of an attracted armature type relay.  It
consists of a laminated electromagnet M carrying a coil C and
a pivoted laminated armature.  The armature is balanced by a
counterweight and carries a pair of spring contact fingers at its
free end.  Under normal operating conditions, the current
through the relay coil C is such that counterweight holds the
armature in the position shown.  However, when a short-cir-
cuit occurs, the current through the relay coil increases suffi-
ciently and the relay armature is attracted upwards.  The con-
tacts on the relay armature bridge a pair of stationary contacts attached to the relay frame.  This
completes the trip circuit which results in the opening of the circuit breaker and, therefore, in the
disconnection of the faulty circuit.

The minimum current at which the relay armature is attracted to close the trip circuit is called
pickup current.  It is a usual practice to provide a number of tappings on the relay coil so that the
number of turns in use and hence the setting value at which the relay operates can be varied.

(ii) Solenoid type relay.  Fig. 21.4 shows the schematic arrangement of a solenoid type relay.  It
consists of a solenoid and movable iron plunger arranged as shown.  Under normal operating condi-
tions, the current through the relay coil C is such that it holds the plunger by gravity or spring in the
position shown.  However, on the occurrence of a fault, the current through the relay coil becomes
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more than the pickup value,  causing the plunger to
be attracted to the solenoid.  The upward movement
of the plunger closes the trip circuit, thus opening the
circuit breaker and disconnecting the faulty circuit.

(iii) Balanced beam type relay.  Fig. 21.5 shows
the schematic arrangement of a balanced beam type
relay.  It consists of an iron armature fastened to a
balance beam.  Under normal operating conditions,
the current through the relay coil is such that the beam
is held in the horizontal position by the spring.  How-
ever, when a fault occurs, the current through the re-
lay coil becomes greater than the pickup value and
the beam is attracted to close the trip circuit.  This
causes the opening of the circuit breaker to isolate
the faulty circuit.

21.521.521.521.521.5  Induction  Relays Induction  Relays Induction  Relays Induction  Relays Induction  Relays

Electromagnetic induction relays operate on the principle of induction motor and are widely used for
protective relaying purposes involving a.c. quantities.  They are not used with d.c. quantities owing to
the principle of operation.  An induction relay essentially consists of a pivoted aluminium disc placed
in two alternating magnetic fields of the same frequency but displaced in time and space.  The torque
is produced in the disc by the interaction of one of the magnetic fields with the currents induced in the
disc by the other.

To understand the production of torque in an induction relay, refer to the elementary arrange-
ment shown in Fig. 21.6 (i).  The two a.c. fluxes φ2 and φ1 differing in phase by an angle α induce
e.m.f.s’ in the disc and cause the circulation of eddy currents i2 and i1 respectively.  These currents lag
behind their respective fluxes by 90o.

Referring to Fig. 21.6 (ii) where the two a.c. fluxes and induced currents are shown separately
for clarity, let

φ1 = φ1max sin ω t
φ2 = φ2max sin (ω t + α)

where φ1 and φ2 are the instantaneous values of fluxes and φ2 leads φ1 by an angle α.

Assuming that the paths in which the rotor currents flow have negligible self-inductance, the
rotor currents will be in phase with their voltages.

∴ i1 ∝
d
dt

d
dt

φ1 ∝  (φ1max sin ω t)

Electromagnetic  relay
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∝ φ 1max cos ω t

and i2 ∝
d
dt
φ2   ∝  φ2max cos (ω t + α)

Now, F1 ∝ φ 1 i2 and F2 ∝  φ2 i1
Fig. 21.6 (ii) shows that the two forces are in opposition.
∴ Net force F at the instant considered is

F ∝ F2 − F1

∝ φ 2 i1 − φ1 i2
∝ φ 2max sin (ω t + α) φ1max cos ω t − φ1max sin ωt φ2max cos (ω t + α)
∝ φ 1max φ2max [sin (ω t + α) cos ω t − sin ω t cos (ω t + α)]

∝ φ 1max φ2max sin α
∝ φ 1 φ2 sin α ...(i)

where φ1 and φ2 are the r.m.s. values of the fluxes.

The following points may be noted from exp. (i) :
(a) The greater the phase angle α between the fluxes, the greater is the net force applied to the

disc.  Obviously, the maximum force will be produced when the two fluxes are 90o out of
phase.

(b) The net force is the same at every instant.  This fact does not depend upon the assumptions
made in arriving at exp. (i).

(c) The direction of net force and hence the direction of motion of the disc depends upon which
flux is leading.

The following three types of structures are commonly used for obtaining the phase difference in
the fluxes and hence the operating torque in induction relays :

(i) shaded-pole structure

(ii) watthour-meter or double winding structure
(iii) induction cup structure
(i) Shaded-pole structure.  The general arrangement of shaded-pole structure is shown in Fig.

21.7.  It consists of a pivoted aluminium disc free to rotate in the air-gap of an electromagnet.  One-
half of each pole of the magnet is surrounded by a copper band known as shading ring.  The alternat-
ing flux φs in the shaded protion of the poles will, owing to the reaction of the current induced in the
ring, lag behind the flux φu in the unshaded portion by an angle α. These two a.c. fluxes differing in
phase will produce the necessary torque to rotate the disc.  As proved earlier, the driving torque T is
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given by;
T ∝ φ s φu sin α

Assuming the fluxes φs and φu to be proportional to the current I in the relay coil,
T ∝ I2 sin α

This shows that driving torque is proportional to the square of current in the relay coil.

(ii) Watthour-meter structure.  This structure gets its name from the fact that it is used in watt-
hour meters.  The general arrangement of this type of relay is shown in Fig. 21.8.  It consists of a
pivoted aluminium disc arranged to rotate freely between the poles of two electromagnets.  The upper
electromagnet carries two windings ; the pirmary and the secondary.  The primary winding carries the
relay current I1 while the secondary winding is connected to the winding of the lower magnet.  The
primary current induces e.m.f. in the secondary and so circulates a current I2 in it.  The flux φ2 induced
in the lower magnet by the current in the secondary winding of the upper magnet will lag behind φ1 by
an angle α.  The two fluxes φ1and φ2 differing in phase by α will produce a driving torque on the disc
proportional to φ1φ2 sin α.

An important feature of this type of relay is that its operation can be controlled by opening or
closing the secondary winding circuit.  If this circuit is opened, no flux can be set by the lower magnet
however great the vaule of current in the pirmary winding may be and consequently no torque will be
produced.  Therefore, the relay can be made inoperative by opening its secondary winding circuit.

(iii) Induction cup structure. Fig. 21.9 shows the general
arrangement of an induction cup structure. It most closely
resembles an induction motor, except that the rotor iron is
stationary, only the rotor conductor portion being free to rotate.

The moving element is
a hollow cylindrical
rotor which turns on its
axis.  The rotating field
is produced by two
pairs of coils wound on
four poles as shown.
The rotating field
induces currents in the
cup to provide the
necessary driving torque.  If φ1 and φ2 represent the fluxes
produced by the respective pairs of poles, then torque
produced is proportional to φ1φ2 sin α where α is the phase

Induction  relay
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difference between the two fluxes.  A control spring and the back stop for closing of the contacts
carried on an arm are attached to the spindle of the cup to prevent the continuous rotation.

Induction cup structures are more efficient torque producers than either the shaded-pole or the
watthour meter structures.  Therefore, this type of relay has very high speed and may have an operat-
ing time less then 0·1 second.

21.621.621.621.621.6 Relay  TRelay  TRelay  TRelay  TRelay  Timingimingimingimingiming

An important characteristic of a relay is its time of operation.  By ‘the time of operation’ is meant
length of the time from the instant when the actuating element is energised to the instant when the
relay contacts are closed.  Sometimes it is desirable and necessary to control the operating time of a
relay.  For this purpose, mechanical accessories are used with relays.

(i) Instantaneous relay.  An instantaneous relay is one in which
no intentional time delay is provided.  In this case, the relay contacts are
closed immediately after current in the relay coil exceeds the minimum
calibrated value.  Fig. 21.10 shows an instantaneous solenoid type of
relay.  Although there will be a short time interval between the instant of
pickup and the closing of relay contacts, no intentional time delay has
been added.  The instantaneous relays have operating time less than 0·1
second.  The instantaneous relay is effective only where the impedance
between the relay and source is small compared to the protected section impedance.  The operating
time of instantaneous relay is sometimes expressed in cycles based on the power-system frequency
e.g. one-cycle would be 1/50 second in a 50-cycle system.

(ii) Inverse-time relay.  An inverse-time relay is one in which the operating time is approxi-
mately inversely proportional to the magnitude of the actuating quantity.  Fig. 21.11 shows the time-
current characteristics of an inverse current relay.  At values of current less than pickup, the relay
never operates.  At higher values, the time of operation of the relay decreases steadily with the in-
crease of current.  The inverse-time delay can be achieved by associating mechanical accessories
with relays.

(a) In an induction relay, the inverse-time delay can be achieved by positioning a permanent
magnet (known as a drag magnet) in such a way that relay disc cuts the flux between the
poles of the magnet.  When the disc moves, currents set up in it produce a drag on the disc
which slows its motion.

(b) In other types of relays, the inverse time delay can be introduced by oil dashpot or a time-
limit fuse.  Fig. 21.12 shows an inverse time solenoid relay using oil dashpot. The piston in
the oil dashpot attached to the moving plunger slows its upward motion.  At a current value
just equal to the pickup, the plunger moves slowly and time delay is at a maximum. At
higher values of relay current, the delay time is shortened due to greater pull on the plunger.
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The inverse-time characteristic can also be obtained by connecting a time-limit fuse in parallel

with the trip coil terminals as shown in Fig. 21.13.  The shunt path formed by time-limit fuse is of
negligible impedance as compared with the relatively high impedance of the trip coil.  Therefore, so
long as the fuse remains intact, it will divert practically the whole secondary current of CT from the
trip oil.  When the secondary current exceeds the current carrying capacity of the fuse, the fuse will
blow and the whole current will pass through the trip coil, thus opening the circuit breaker.  The time-
lag between the incidence of excess current and the tripping of the breaker is governed by the charac-
teristics of the fuse.  Careful selection of the fuse can give the desired inverse-time characteristics,
although necessity for replacement after operation is a disadvantage.

(iii) Definite time lag relay.  In this type of relay, there is a definite time elapse between the
instant of pickup and the closing of relay contacts.  This particular time setting is independent of the
amount of current through the relay coil ; being the same for all values of current in excess of the
pickup value.  It may be worthwhile to mention here that practically all inverse-time relays are also
provided with definite minimum time feature in order that the relay may never become instantaneous
in its action for very long overloads.

21.721.721.721.721.7 Important  TImportant  TImportant  TImportant  TImportant  Tererererermsmsmsmsms

It is desirable to define and explain some important terms much used in connection with relays.

(i) Pick-up current.  It is the minimum current in the relay coil at which the relay starts to
operate.  So long as the current in the relay is less than the pick-up value, the relay does not operate
and the breaker controlled by it remains in the closed position.  However, when the relay coil current
is equal to or greater than the pickup value, the relay
operates to energise the trip coil which opens the cir-
cuit breaker.

(ii) Current setting.  It is often desirable to ad-
just the pick-up current to any required value.  This is
known as current setting and is usually achieved  by the
use of tappings on the relay operating coil.  The taps
are brought out to a plug bridge as shown in Fig. 21.14.
The plug bridge permits to alter the number of turns on
the relay coil.  This changes the torque on the disc and
hence the time of operation of the relay.  The values
assigned to each tap are expressed in terms of percentage full-load rating of C.T. with which the relay
is associated and represents the value above which the disc commences to rotate and finally closes the
trip circuit.

∴ Pick-up current = Rated secondary current of C.T. × Current setting

For example, suppose that an overcurrent relay having current setting of 125% is connected to a
supply circuit through a current transformer of 400/5.  The rated secondary current of C.T. is 5
amperes.  Therefore, the pick-up value will be 25% more than 5 A  i.e. 5 × 1·25 = 6·25 A.  It means
that with above current setting, the relay will actually operate for a relay coil current equal to or
greater than 6·25 A.

The current plug settings usually range from 50% to 200% in steps of 25% for overcurrent relays
and 10% to 70% in steps of 10% for earth leakage relays.  The desired current setting is obtained by
inserting a plug between the jaws of a bridge type socket at the tap value required.

(iii) Plug-setting multiplier (P.S.M.).  It is the ratio of fault current in relay coil to the pick-up
current i.e.

P.S.M. =
Fault current in relay coil

Pick - up current
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=
Fault current in relay coil

Rated secondary current of Current settingCT ×
For example, suppose that a relay is connected to a 400/5 current transformer and set at 150%.

With a primary fault current of 2400 A, the plug-setting multiplier can be calculated as under :
Pick-up value = Rated secondary current of CT × Current setting

= 5 × 1·5 = 7·5 A

Fault current in relay coil = 2400 5
400

30× = A

∴ P.S.M. = 30/7·5 = 4
(iv) Time-setting multiplier.  A relay is generally provided with

control to adjust the time of operation.  This adjustment is known as
time-setting multiplier.  The time-setting dial is calibrated from 0 to 1 in
steps of 0.05 sec (see Fig. 21.15).  These figures are multipliers to be
used to convert the time derived from time/P.S.M. curve into the actual
operating time.  Thus if the time setting is 0·1 and the time obtained
from the time/P.S.M. curve is 3 seconds, then actual relay operating
time = 3 × 0·1 = 0·3 second.  For instance, in an induction relay, the time
of operation is controlled by adjusting the amount of travel of the disc
from its reset position to its pickup position.  This is achieved by the adjustment of the position of a
movable backstop which controls the travel of the disc and thereby varies the time in which the relay
will close its contacts for given values of fault current.  A so-called “time dial” with an evenly divided
scale provides this adjustment.  The acutal time of operation is calculated by multiplying the time
setting multiplier with the time obtained from time/P.S.M. curve of the relay.

21.821.821.821.821.8  T T T T Time/Pime/Pime/Pime/Pime/P.S.M.  Curve.S.M.  Curve.S.M.  Curve.S.M.  Curve.S.M.  Curve

Fig. 21.16 shows the curve between time of operation and plug setting multiplier of a typical relay.
The horizontal scale is marked in terms of plug-setting multiplier and represents the number of times
the relay current is in excess of the current setting.  The vertical scale is marked in terms of the time
required for relay operation.  If the P.S.M. is 10, then the time of operation (from the curve) is 3 seconds.
The actual time of operation is obtained by multiplying this time by the time-setting multiplier.
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It is evident from Fig. 21.16 that for lower values of overcurrent, time of operation varies in-
versely with the current but as the current approaches 20 times full-load value, the operating time of
relay tends to become constant.  This feature is necessary in order to ensure discrimination on very
heavy fault currents flowing through sound feeders.

21.921.921.921.921.9  Calculation  of  Relay  Operating  T Calculation  of  Relay  Operating  T Calculation  of  Relay  Operating  T Calculation  of  Relay  Operating  T Calculation  of  Relay  Operating  Timeimeimeimeime

In order to calculate the actual relay operating time, the following things must be known :

(a) Time/P.S.M. curve
(b) Current setting
(c) Time setting

(d) Fault current
(e) Current transformer ratio
The procedure for calculating the actual relay operating time is as follows :

(i) Convert the fault current into the relay coil current by using the current transformer ratio.
(ii) Express the relay current as a multiple of current setting i.e. calculate the P.S.M.

(iii) From the Time/P.S.M. curve of the relay, read off the time of operation for the calculated
P.S.M.

(iv) Determine the actual time of operation by multiplying the above time of the relay by time-
setting multiplier in use.

Example 21.1.  Determine the time of operation of a 5-ampere, 3-second overcurrent relay
having a current setting of 125% and a time setting multiplier of 0·6 connected to supply circuit
through a 400/5 current transformer when the circuit carries a fault current of 4000 A.  Use the
curve shown in Fig. 21.16.

Solution.
Rated secondary current of C.T. = 5 A

Pickup current = 5 × 1·25 = 6·25 A

Fault current in relay coil = 4000 5
400

50× = A

∴ Plug-setting multiplier (P.S.M.) =
50

6 25
8

⋅
=

Corresponding to the plug-setting multiplier of 8 (See Fig. 21.16), the time of operation is 3.5
seconds.

∴ Actual relay operating time = 3·5 × Time-setting = 3·5 × 0·6 = 2·1 seconds

21.1021.1021.1021.1021.10  Functional Relay T Functional Relay T Functional Relay T Functional Relay T Functional Relay Typesypesypesypesypes

Most of the relays in service on power system today operate on the principle of electromagnetic
attraction or electromagnetic induction.  Regardless of the principle involved, relays are generally
classified according to the function they are called upon to perform in the protection of elelctric
power circuits.  For example, a relay which recognises overcurrent in a circuit (i.e. current greater
than that which can be tolerated) and initiates corrective measures would be termed as an overcurrent
relay irrespective of the relay design.  Similarly an overvoltage relay is one which recognises over-
voltage in a circuit and initiates the corrective measures.  Although there are several types of special-
function relays, only the following important types will be discussed in this chapter :

(i) Induction type overcurrent relays
(ii) Induction type reverse power relays

(iii) Distance relays
(iv) Differential relays
(v) Translay scheme
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21.1121.1121.1121.1121.11 Induction  TInduction  TInduction  TInduction  TInduction  Type  Overype  Overype  Overype  Overype  Overcurrcurrcurrcurrcurrent  Relayent  Relayent  Relayent  Relayent  Relay  (non-directional)
This type of relay works on the induction principle and initiates corrective measures when current in
the circuit exceeds the predetermined value.  The actuating source is a current in the circuit supplied
to the relay from a current transformer.  These relays are used on a.c. circuits only and can operate for
fault current flow in either direction.

Constructional details.  Fig. 21.17 shows the important constructional details of a typical non-
directional induction type overcurrent relay.  It consists of a metallic (aluminium) disc which is free to
rotate inbetween the poles of two electromagnets.  The upper electromagnet has a primary and a
secondary winding.  The primary is connected to the secondary of a C.T. in the line to be protected
and is tapped at intervals.  The tappings are connected to a plug-setting bridge by which the number
of active turns on the relay operating coil can be varied, thereby giving the desired current setting.
The secondary winding is energised by induction from primary and is connected in series with the
winding on the lower magnet.  The controlling torque is provided by a spiral spring.

The spindle of the disc carries a moving contact which bridges two fixed contacts (connected to
trip circuit) when the disc rotates through a pre-set angle.  This angle can be adjusted to any value
between 0o and 360o.  By adjusting this angle, the travel of the moving contact can be adjusted and
hence the relay can be given any desired time setting.
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Operation.  The driving torque on the aluminium disc is set up due to the induction principle as
discussed in Art. 21.5.  This torque is opposed by the restraining torque provided by the spring.
Under normal operating conditions, restraining torque is greater than the driving torque produced by
the relay coil current.  Therefore, the aluminium disc remains stationary.  However, if the current in
the protected circuit exceeds the pre-set value, the driving torque becomes greater than the restraining
torque.  Consequently, the disc rotates and the moving contact bridges the fixed contacts when the
disc has rotated through a pre-set angle.  The trip circuit operates the circuit breaker which isolates
the faulty section.

21.1221.1221.1221.1221.12 Induction  TInduction  TInduction  TInduction  TInduction  Type  Dirype  Dirype  Dirype  Dirype  Directional  Power  Relayectional  Power  Relayectional  Power  Relayectional  Power  Relayectional  Power  Relay

This type of relay operates when power in the circuit flows in a specific direction.  Unlike a *non-
directional overcurrent relay, a directional power relay is so designed that it obtains its operating
torque by the interaction of magnetic fields derived from both voltage and current source of the
circuit it protects.  Thus this type of relay is essentially a wattmeter and the direction of the torque set
up in the relay depends upon the direction of the current relative to the voltage with which it is
associated.

Constructional details.  Fig. 21.18 shows the essential parts of a typical induction type direc-
tional power relay.  It consists of an aluminum disc which is free to rotate inbetween the poles of two
electromagnets.  The upper electromagnet carries a winding (called potential coil) on the central limb
which is connected through a potential transformer (P.T.) to the circuit voltage source.  The lower
electromagnet has a separate winding (called current coil) connected to the secondary of C.T. in the
line to be protected.  The current coil is provided with a number of tappings connected to the plug-
setting bridge (not shown for clarity).  This permits to have any desired current setting.  The restrain-
ing torque is provided by a spiral spring.

The spindle of the disc carries a moving contact which bridges two fixed contacts when the disc
has rotated through a pre-set angle.  By adjusting this angle, the travel of the moving disc can be
adjusted and hence any desired time-setting can be given to the relay.

Operation.  The flux φ1 due to current in the potential coil will be nearly 90º lagging behind the
applied voltage V .  The flux φ2 due to current coil will be nearly in phase with the operating current I

* where the driving torque is due to the interaction of magnetic fields derived from current in the relay
winding.
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[See vector diagram in Fig. 21.18 (ii)].  The interaction of fluxes φ1 and φ2 with the eddy currents
induced in the disc produces a driving torque given by :

T ∝ φ 1 φ2 sin α    [See Art. 21.5]
Since φ1 ∝ V , φ2 ∝  I and α = 90 − θ

∴ T ∝ V  I sin (90 − θ)

∝ V I cos θ
∝ power in the circuit

It is clear that the direction of driving torque on the disc depends upon the direction of power
flow in the circuit to which the relay is associated.  When the power in the circuit flows in the normal
direction, the driving torque and the restraining torque (due to spring) help each other to turn away
the moving contact from the fixed contacts.  Consequently, the relay remains inoperative.  However,
the reversal of current in the circuit reverses the direction of driving torque on the disc.  When the
reversed driving torque is large enough, the disc rotates in the reverse direction and the moving
contact closes the trip circuit.  This causes the operation of the circuit breaker which disconnects the
faulty section.

21.1321.1321.1321.1321.13   Induction  T   Induction  T   Induction  T   Induction  T   Induction  Type  Dirype  Dirype  Dirype  Dirype  Directional  Overectional  Overectional  Overectional  Overectional  Overcurrcurrcurrcurrcurrent  Relayent  Relayent  Relayent  Relayent  Relay

The directional power relay discussed above is unsuitable for use as a directional protective relay
under short-circuit conditions.  When a short-circuit occurs, the system voltage falls to a low value
and there may be *insufficient torque developed in the relay to cause its operation.  This difficulty is
overcome in the directional overcurrent relay which is designed to be almost independent of system
voltage and power factor.

* Directional power relay being of wattmeter type, the driving torque on the disc also depends upon the
system voltage.
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Constructional details.  Fig. 21.19 shows the constructional details of a typical induction type
directional ovecurrent relay.  It consists of two relay elements mounted on a common case viz. (i)
directional element and (ii) non-directional element.

(i) Directional element.  It is essentially a directional power relay which operates when power
flows in a specific direction.   The potential coil of  this element is connected through a potential
transformer (P.T.) to the system voltage.  The current coil of the element is energised through a C.T.
by the circuit current.  This winding is carried over the upper magnet of the non-directional element.
The trip contacts (1 and 2) of the directional element are connected in series with the secondary
circuit of the overcurrent element.  Therefore, the latter element cannot start to operate until its
secondary circuit is completed.  In other words, the directional element must operate first (i.e. con-
tacts 1 and 2 should close) in order to operate the overcurrent element.

(ii) Non-directional element.  It is an overcurrent element similar in all respects to a non-direc-
tional overcurrent relay described in Art. 21.11.  The spindle of the disc of this element carries a
moving contact which closes the fixed contacts (trip circuit contacts) after the operation of direc-
tional element.

It may be noted that plug-setting bridge is also provided in the relay for current setting but has
been omitted in the figure for clarity and simplicity.  The tappings are provided on the upper magnet
of overcurrent element and are connected to the bridge.

Operation.  Under normal operating conditions, power flows in the normal direction in the
circuit protected by the relay.  Therefore, directional power relay (upper element) does not operate,
thereby keeping the overcurrent element (lower element) unenergised.  However, when a short-cir-
cuit occurs, there is a tendency for the current or power to flow in the reverse direction.  Should this
happen, the disc of the *upper element rotates to bridge the fixed contacts 1 and 2.  This completes
the circuit for overcurrent element.  The disc of this element rotates and the moving contact attached
to it closes the trip circuit.  This operates the circuit breaker which isolates the faulty section.  The two
relay elements are so arranged that final tripping of the current controlled by them is not made till the
following conditions are satisfied :

(i) current flows in a direction such as to operate the directional element.
(ii) current in the reverse direction exceeds the pre-set value.

(iii) excessive current persists for a period corresponding to the time setting of overcurrent element.

21.1421.1421.1421.1421.14     Distance  or  Impedance  Relays    Distance  or  Impedance  Relays    Distance  or  Impedance  Relays    Distance  or  Impedance  Relays    Distance  or  Impedance  Relays

The operation of the relays discusssed so far depended upon the magnitude of current or power in the
protected circuit. However, there is another group of relays in which the operation is governed by the
ratio of applied voltage to current in the protected circuit.  Such relays are called distance or **im-
pedance relays.  In an impedance relay, the torque produced by a current element is opposed by the
torque produced by a voltage element.  The relay will operate when the ratio V/I is less than a pre-
determined value.

Fig. 21.20 illustrates the basic principle of operation of an impedance relay.  The voltage element
of the relay is excited through a potential transformer (P.T.) from the line to be protected.  The current
element of the relay is excited from a current transformer (C.T.) in series with the line.  The portion
AB of the line is the protected zone.  Under normal operating conditions, the impedance of the pro-
tected zone is ZL.  The relay is so designed that it closes its contacts whenever impedance of the
protected section falls below the pre-determined value i.e. ZL in this case.

* The directional element is made very sensitive so that with the lowest value of voltage which may be
anticipated under severe fault conditions, sufficient torque is produced by the current winding to complete
the operation of the element and allow its contacts to close.

** Impedance is an electrical measure of distance along a transmission line.
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Now suppose a fault occurs at point F1 in the protected zone.  The impedance Z (= *V /I) between
the point where the relay is installed and the point of fault will be less than ZL and hence the relay
operates.  Should the fault occur beyond the protected zone (say point F2), the impedance Z will be
greater than ZL and the relay does not operate.

Types.  A distance or impedance relay is essentially an ohmmeter and operates whenever the
impedance of the protected zone falls below a pre-determined value.  There are two types of distance
relays in use for the protection of power supply, namely ;

(i) Definite-distance relay which operates instantaneously for fault upto a pre-determined dis-
tance from the relay.

(ii) Time-distance relay in which the time of operation is proportional to the distance of fault
from the relay point.  A fault nearer to the relay will operate it earlier than a fault farther
away from the relay.

It may be added here that the distance relays are produced by modifying either of two types of
basic relays; the balance beam or the induction disc.

21.1521.1521.1521.1521.15  Definite – Distance  T Definite – Distance  T Definite – Distance  T Definite – Distance  T Definite – Distance  Type  Impedance  Relayype  Impedance  Relayype  Impedance  Relayype  Impedance  Relayype  Impedance  Relay

Fig. 21.21 shows the schematic arrangement of a definite-distance type impedance relay.  It consists
of a pivoted beam F and two electromagnets energised respectively by a current and voltage trans-
former in the protected circuit.  The armatures of the two electromagnets are mechanically coupled to
the beam on the opposite sides of the fulcrum.  The beam is provided with a bridging piece for the trip
contacts.  The relay is so designed that the torques produced by the two electromagnets are in the
opposite direction.

Operation.  Under normal operating conditions, the pull due to the voltage element is **greater
than that of the current element.  Therefore, the relay contacts remain open.  However, when a fault
occurs in the protected zone, the applied voltage to the relay decreases whereas the current increases.
The ratio of voltage to current (i.e. impedance) falls below the pre-determined value.  Therefore, the

* where I is the fault current and V  is the voltage at the sub-station.

** Because the current I corresponds to normal load :



Protective Relays 513513513513513

pull of the current element will exceed that due to the voltage element and this causes the beam to tilt
in a direction to close the trip contacts.

The pull of the current element is proportional to I2 and that of voltage element to V 2.  Conse-
quently, the relay will operate when

k1V
2 < k2 I

2

or V
I

2

2 <
k
k

2

1

or V
I

<
k
k

2

1

or Z <
k
k

2

1

The value of the constants k1 and k2 depends upon the ampere-turns of the two electromagnets.
By providing tappings  on the coils, the setting value of the relay can be changed.

21.1621.1621.1621.1621.16    T   T   T   T   Time-Distance  Impedance  Relayime-Distance  Impedance  Relayime-Distance  Impedance  Relayime-Distance  Impedance  Relayime-Distance  Impedance  Relay

A time-distance impedance relay is one which automatically adjusts its operating time according to
the distance of the relay from the fault point i.e.

Operating time, T ∝ V/I

∝ Z
∝ distance

Construction.  Fig. 21.22 shows the schematic arrangement of a typical induction type time-
distance impedance relay.  It consists of a current driven induction element similar to the double-
winding type induction overcurrent relay (refer back to Fig. 21.8).  The spindle carrying the disc of
this element is connected by means of a spiral spring coupling to a second spindle which carries the
bridging piece of the relay trip contacts.  The bridge is normally held in the open position by an
armature held against the pole face of an electromagnet excited by the voltage of the circuit to be
protected.

Operation.  Under normal load conditions, the pull of the armature is more than that of the
induction element and hence the trip circuit contacts remain open.  However, on the occurence of a
short-circuit, the disc of the induction current element starts to rotate at a speed depending upon the
operating current.  As the rotation of the disc proceeds, the spiral spring coupling is wound up till the
tension of the spring is sufficient to pull the armature away from the pole face of the *voltage-excited
magnet.  Immediately this occurs, the spindle carrying the armature and bridging piece moves rapidly
in response to the tension of the spring and trip contacts are closed.  This opens the circuit breaker to
isolate the faulty section.

The speed of rotation of the disc is approximately proportional to the operating current, neglect-
ing the effect of control spring.  Also the time of operation of the relay is directly proportional to the
pull of the voltage-excited magnet and hence to the line voltage V  at the point where the relay is
connected.  Therefore, the time of operation of relay would vary as V/I i.e. as Z or distance.

* The angle through which the disc travels before relay operates depends upon the pull of the voltage-excited
magnet.  The greater the pull, the greater will be the travel of the disc.  The pull of this magnet depends
upon the line voltage.  The greater the line voltage, the greater the pull and hence larger will be the travel
of the disc i.e. operating time ∝  V.
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21.1721.1721.1721.1721.17  Dif Dif Dif Dif Differferferferferential  Relaysential  Relaysential  Relaysential  Relaysential  Relays

Most of the relays discussed so far relied on excess of current for their operation.  Such relays are less
sensitive because they cannot make correct distinction between heavy load conditions and minor
fault conditions.  In order to overcome this difficulty, differential relays are used.

A differential relay is one that operates when the phasor difference of two or more similar
electrical quantities exceeds a pre-determined value.

Thus a current differential relay is one that compares the current entering a section of the system
with the current leaving the section.  Under normal operating conditions, the two currents are equal
but as soon as a fault occurs, this condition no longer applies.  The difference between the incoming
and outgoing currents is arranged to flow through the operating coil of the relay.  If this differential
current is equal to or greater than the pickup value, the relay will operate and open the circuit breaker
to isolate the faulty section.

It may be noted that almost any type of relay when connected in a particular way can be made to
operate as a differential relay.  In other words, it is not so much the relay construction as the way the
relay is connected in a circuit that makes it a differential relay.  There are two fundamental systems of
differential or balanced protection viz.

(i)  Current balance protection   (ii)  Voltage balance protection
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21.1821.1821.1821.1821.18 CurrCurrCurrCurrCurrent  Difent  Difent  Difent  Difent  Differferferferferential  Relayential  Relayential  Relayential  Relayential  Relay

Fig. 21.23 shows an arrangement of an overcurrent relay connected to operate as a differential relay.
A pair of identical current transformers are fitted on either end of the section to be protected (alterna-
tor winding in this case).  The secondaries of CT’s are connected in series in such a way that they
carry the induced currents in the same direction.  The operating coil of the overcurrent relay is con-
nected across the CT secondary circuit. This differential relay compares the current at the two ends of
the alternator winding.

Under normal operating conditions, suppose the alternator winding carries a normal current of
1000 A.  Then the currents in the two secondaries of CT’s are equal [See Fig. 21.23].  These currents
will merely circulate between the two CT’s and no current will flow through the differential relay.
Therefore, the relay remains inoperative.  If a ground fault occurs on the alternator winding as shown
in Fig. 21.24 (i), the two secondary currents will not be equal and the current flows through the
operating coil of the relay, causing the relay to operate.  The amount of current flow through the relay
will depend upon the way the fault is being fed.

(i) If some current (500 A in this case) flows out of one side while a larger current (2000 A)
enters the other side as shown in Fig. 21.24 (i), then the difference of the CT secondary
currents i.e. 10 − 2·5 = 7·5 A will flow through the relay.
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(ii) If current flows to the fault from both sides as shown in Fig. 21.24 (ii), then sum of CT
secondary currents i.e. 10 + 5 = 15 A will flow through the relay.

Disadvantages
(i) The impedance of the *pilot cables generally causes a slight difference between the currents

at the two ends of the section to be protected.  If the relay is very sensitive, then the small
differential current flowing through the relay may cause it to operate even under no fault
conditions.

(ii) Pilot cable capacitance causes incorrect operation of the relay when a large through-current
flows.

(iii) Accurate matching of current transformers cannot be achieved due to pilot circuit impedance.
The above disadvantages are overcome to a great extent in biased beam relay.

Biased Beam Relay.  The biased beam relay (also called percentage differential relay) is designed
to respond to the differential current in terms of its fractional relation to the current flowing through
the protected section.  Fig. 21.25 shows the schematic arrangement of a biased beam relay.  It is
essentially an overcurrent balanced beam relay type with an additional restraining coil.  The restraining
coil produces a bias force in the opposite direction to the operating force.

Under normal and through load conditions, the bias force due to restraining coil is greater than
the operating force.  Therefore, the relay remains inoperative.  When an internal fault occurs, the
operating force exceeds the bias force.  Consequently, the trip contacts are closed to open the circuit
breaker.  The bias force can be adjusted by varying the number of turns on the restraining coil.

The equivalent circuit of a biased beam relay is shown in Fig. 21.26.  The differential current in
the operating coil is proportional to i2 − i1 and the equivalent current in the restraining coil is propor-

* The two CT’s are connected through conductors called pilot cable. If the two ends of the section to be
protected are quite apart, the impedance of pilot-cable may be large, say of the order of 500 Ω.
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tional to *(i1 + i2)/2 since the operating coil is connected to the mid-point of the restraining coil.  It is
clear that greater the current flowing through the restraining coil, the higher the value of current
required in the operating winding to trip the relay.  Thus under a heavy load, a greater differential
current through the relay operating coil is required for operation than under light load conditions.
This relay is called percentage relay because the operating current requried to trip can be expressed
as a percentage of load current.

21.1921.1921.1921.1921.19  V V V V Voltage  Balance  Difoltage  Balance  Difoltage  Balance  Difoltage  Balance  Difoltage  Balance  Differferferferferential  Relayential  Relayential  Relayential  Relayential  Relay

Fig. 21.27 shows the arrangement of voltage balance protection.  In this scheme of protection, two
similar current transformers are connected at either end of the element to be protected (e.g. an alter-
nator winding) by means of pilot wires.  The secondaries of current transformers are connected in
series with a relay in such a way that under normal conditions, their induced e.m.f.s’ are in opposition.

Under healthy conditions, equal currents (I1 = I2) flow in both primary windings.  Therefore, the
secondary voltages of the two transformers are balanced against each other and no current will flow
through the relay operating coil.  When a fault occurs in the protected zone, the currents in the two
primaries will differ from one another (i.e. I1 ≠ I2) and their secondary voltages will no longer be in
balance.  This voltage †difference will cause a current to flow through the operating coil of the relay
which closes the trip circuit.

Disadvantages
The voltage balance system suffers from the following drawbacks :
(i) A multi-gap transformer construction is required to achieve the accurate balance between

current transformer pairs.

(ii) The system is suitable for protection of cables of relatively short lengths due to the capaci-
tance of pilot wires.  On long cables, the charging current may be sufficient to operate the
relay even if a perfect balance of current transformers is attained.

The above disadvantages have been overcome in Translay (modified) balanced voltage system.

21.2021.2021.2021.2021.20  T T T T Translay Systemranslay Systemranslay Systemranslay Systemranslay System

This system is the modified form of voltage-balance system.  Although the principle of balanced
(opposed) voltages is retained, it differs from the above voltage-balance system in that the balance or
opposition is between voltages induced in the secondary coils wound on the relay magnets and not
between the secondary voltages of the line current transformers.  Since the current transformers used

* Total ampere-turns on restraining coil of N turns

∝ i N i N
1 22 2

+

∝ ( )i i N
1 2 2

+

This is the same as if current (i1 + i2)/2 were to flow through the whole restraining coil.

† This is the case when fault is fed in one direction.  Should the fault be fed from both ends, the secondary
voltages become additive and increase the out-of-balance current operating the relay.
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with Translay scheme have only to supply to a relay coil, they can be made of normal design without
any air gaps.  This permits the scheme to be used for feeders of any voltage.

Constructional details.  Fig. 21.28 shows the simplified diagram illustrating the principle of
*Translay scheme.  It consists of two identical double winding induction type relays fitted at either
end of the feeder to be protected.  The primary circuits (11, 11a) of these relays are supplied through
a pair of current transformers.  The secondary windings (12, 13 and 12a, 13a) of the two relays are
connected in series by pilot wires in such a way that voltages induced in the former opposes the other.
The compensating devices (18, 18a) neutralise the effects of pilot-wire capacitance currents and of
inherent lack of balance between the two current transformers.

Operation.  Under healthy conditions, current at the two ends of the protected feeder is the same
and the primary windings (11, 11a) of the relays carry the same current.  The windings 11 and 11a
induce equal e.m.f.s in the secondary windings 12, 12a and 13, 13a.  As these windings are so con-
nected that their induced voltages are in opposition, no current will flow through the pilots or operat-
ing  coils and hence no torque will be exerted on the disc of either relay.  In the event of fault on the
protected feeder, current leaving the feeder will differ from the current entering the feeder.  Conse-
quently, unequal voltages will be induced in the secondary windings of the relays and current will
circulate between the two windings, causing the torque to be exerted on the disc of each relay.  As the
direction of secondary current will be opposite in the two relays, therefore, the torque in one relay
will tend to close the trip circuit while in the other relay, the torque will hold the movement in the
normal unoperated position.  It may be noted that  resulting operating torque depends upon the posi-
tion and nature of the fault in the protected zone and atleast one element of either relay will operate
under any fault condition.

It is worthwhile here to mention the role of closed copper rings (18, 18a) in neutralising the
effects of pilot capacitive currents. Capacitive currents lead the voltage impressed across the pilots by
90º and when they flow in the operating winding 13 and 13a (which are of low inductance), they
produce fluxes that also lead the pilot voltage by 90º.  Since pilot voltage is that induced in the
secondary windings 12 and 12a, it lags by a substantial angle behind the fluxes in the field magnet air
gaps A  and B.  The closed copper rings (18, 18a) are so adjusted that this angle is approximately 90º.
In this way fluxes acting on the disc are in phase and hence no torque is exerted on the relay disc.

* The relays used embrace the function of transformer as well as relay.  Hence the name Translay.
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21.2121.2121.2121.2121.21 TTTTTypes of Prypes of Prypes of Prypes of Prypes of Protectionotectionotectionotectionotection

When a  fault occurs on any part of electric power system, it must be cleared quickly in order to avoid
damage and/or interference with the rest of the system.  It is a usual practice to divide the protection
scheme into two classes viz. primary protection and back-up protection.

(i) Primary Protection.  It is the protection scheme which is designed to protect the compo-
nent parts of the power system.  Thus referring to Fig. 21.29, each line has an overcurrent
relay that protects the line.  If a fault occurs on any line, it will be cleared by its relay and
circuit breaker.  This forms the primary or main protection and serves as the first line of
defence.  The service record of primary relaying is very high with well over ninety percent
of all operations being correct.  However,  sometimes faults are not cleared by primary relay
system because of trouble within the relay, wiring system or breaker.  Under such condi-
tions, back-up protection does the required job.

(ii) Back-up protection.  It is the second line of defence in case of failure of the primary protec-
tion.  It is designed to operate with sufficient time delay so that primary relaying will be
given enough time to function if it is able to.  Thus referring to Fig. 21.29, relay A  provides
back-up protection for each of the four lines.  If a line fault is not cleared by its relay and
breaker, the relay A  on the group breaker will operate after a definite time delay and clear the
entire group of lines.  It is evident that when back-up relaying functions, a larger part is
disconnected than when primary relaying functions correctly.  Therefore, greater emphasis
should be placed on the better maintenance of primary relaying.

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures.

(i) A relay performs the function of ...................

(ii) The relay operating coil is supplied through .....................

(iii) A 1 VA relay is ......... sensitive than a 3 VA relay.

(iv) The minimum relay coil current at which the relay operates is called...............
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(v) Induction relays .............. be used with d.c. quantities.

(vi) An overcurrent relay having a current setting of 125% is connected to a supply circuit through a
current transformer of ratio 400/5.  The pick-up value will be .................

(vii) The pick-up value of a relay is 7·5 A and fault current in relay coil is 30A.  Its plug-setting mutiplier
is ..................

(viii) Back-up protection functions when ................. .

2. Pick up the correct words/figures from brackets and fill in the blanks.

(i) Most of the relays on service on electric power system are .................... relays.

(electronic, electro-mechanical)

(ii) Induction relays are used with .................. quantities. (a.c., d.c., both a.c. and d.c.)

(iii) Back-up protection is generally employed for protection against ............. faults.

(short-circuit, other than short-circuit)

(iv) Back-up protection is generally of ........... type. (until, non-unit)

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

1. (i) fault detection   (ii) instrument transformers   (iii) more  (iv) pick-up value  (v) cannot  (vi) 6·25 A
(vii)  4     (viii)  primary protection fails

2. (i) electro-mechanical   (ii) a.c.  (iii) short-circuit   (iv) non-unit.

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. What is protective relay ?  Explain its function in an electrical system.

2. Discuss the fundamental requirements of protective relaying.

3. Describe briefly some important types of electromagnetic attraction relays.

4. Derive the equation for torque developed in an induction relay.

5. Write a brief note on relay timing.

6. Define and explain the following terms as applied to protective relaying :

(i) Pick-up value (ii) Current setting (iii) Plug-setting multiplier (iv) Time-setting multiplier

7. Sketch a typical time/P.S.M. curve.

8. Describe the various steps for calculating the actual relay operating time.

9. Explain with the help of neat diagram the construction and working of :

(i) Non-directional induction type overcurrent relay

(ii) Induction type directional power relay

10. Describe the construction and principle of operation of an induction type directional overcurrent relay.

11. Explain the working principle of distance relays.

12. Write a detailed note on differential relays.

13. Describe the Translay scheme of protection.

14. Write short notes on the following :

(i) Percentage differential relays (ii) Definite distance relays (iii) Time-distance relays

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. What is the difference between a fuse and a relay ?

2. What is the difference between an overcurrent relay and current differential relay ?

3. Back-up protection is not a good substitute for better maintenance.  Discuss.

4. Why are differential relays more sensitive than overcurrent relays ?

5. What is the difference between a balanced voltage relay and a Translay relay ?
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Protection of Alternators and
Transformers
22.1 Protection of Alternators

22.2 Differential Protection of Alternators

22.3 Modified Differential Protection for
Alternators

22.4 Balanced Earth-Fault Protection

22.5 Stator Inter-turn Protection

22.6 Protection of Transformers

22.7 Protection Systems for Transformers

22.8 Buchholz Relay

22.9 Earth-Fault or Leakage Protection

22.10 Combined Leakage and Overload
Protection

22.11 Applying Circulating-Current System
to Transformers

22.12 Circulating-Current Scheme for
Transformer Protection

IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

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-
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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.



540540540540540 Principles of Power System

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 ?
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SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures :

(i) Differential protection scheme for longer lines is ............. costly.

(ii) The bus-bar zone, for the purpose of protection, includes ............. , ............. and .............

(iii) The two most commonly used schemes for bus-bar protection are ............., and .............

(iv) The probability of faults occurring on the lines is much more due to their ............. and .............

(v) In time-graded overcurrent protection, ............. discrimination is incorporated.

2. Pick-up the correct words/figures from the brackets and fill in the blanks :
(i) The parallel feeders ............. be protected by non-directional overcurrent relays alone. (can, cannot)

(ii) The Translay scheme is essentially a ............. balance system. (current, voltage)

(iii) A summation transformer is a device that reproduces the polyphase line currents as a ............. phase
quantity. (single, two)

(iv) The ideal scheme of protection for lines is ............. protection. (differential, distance)

(v) Accurate matching of current transformers is ............. in Merz-Price voltage balance system.

(essential, not essential)

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

1. (i) very  (ii) bus-bars, isolating switches, circuit breakers  (iii) differential protection, fault bus protec-
tion  (iv) greater length, exposure to atmospheric conditions  (v) time

2. (i) cannot  (ii) voltage  (iii) single  (iv) differential  (v) essential

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. What is the importance of bus-bar protection ?
2. Describe the following systems of bus-bar protection :

(i) Differential protection
(ii) Fault-bus protection

3. What are the requirements of protection of lines ?
4. Discuss the time-graded overcurrent protection for

(i) Radial feeders
(ii) Parallel feeders

(iii) Ring main system
5. Describe the differential pilot wire method of protection of feeders.
6. Explain the Translay protection scheme for feeders.
7. Describe distance protection scheme for the protection of feeders.
8. Write short-notes on the following :

(i) Fault-bus protection
(ii) Merz-Price voltage balance system for protection of feeders

(iii) Translay scheme

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. What methods can be used to prevent saturation of current transformers ?
2. What factors govern choosing pilot-wire installation ?
3. Why must directional relays be used on a ring main system ?
4. How do time-delay overcurrent relays work on a radial system ?
5. Do overhead systems need differential protection schemes than underground systems ?
6. How are pilot-wire relays built for transmission-line protection ?
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IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

There are several instances when the ele
ments of a power system (e.g. generators,
transformers, transmission lines, insulators

etc.) are subjected to overvoltages i.e. voltages
greater than the normal value.  These overvolt-
ages on the power system may be caused due to
many reasons such as lightning, the opening of a
circuit breaker, the grounding of a conductor etc.
Most of the overvoltages are not of large magni-
tude but may still be important because of their
effect on the performance of circuit interrupting
equipment and protective devices.  An appre-
ciable number of these overvoltages are of suffi-
cient magnitude to cause insulation breakdown
of the equipment in the power system.  There-
fore, power system engineers always device ways
and means to limit the magnitude of the overvolt-
ages produced and to control their effects on the
operating equipment. In this chapter, we shall con-
fine our attention to the various causes of over-
voltages on the power system with special em-
phasis on the protective devices used for the pur-
pose.

24.124.124.124.124.1 VVVVVoltage  Suroltage  Suroltage  Suroltage  Suroltage  Surgegegegege

A sudden rise in voltage for a very short dura-
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tion on the power system is known as a voltage surge or transient voltage.
Transients or surges are of temporary nature and exist for a very short duration (a few hundred

µs) but they cause overvoltages on the power system. They originate from switching and from other
causes but by far the most important transients are those caused by lightning striking a transmission
line.  When lightning strikes a line, the surge rushes along the line, just as a flood of water rushes
along a narrow valley when the retaining wall of a reservoir at its head suddenly gives way.  In most
of the cases, such surges may cause the line insulators (near the point where lightning has struck) to
flash over and may also damage the nearby transformers, generators or other equipment connected to
the line if the equipment is not suitably protected.

Fig. 24.1 shows the wave-form of a typical lightning surge.  The voltage build-up is taken along
y-axis and the time along x-axis.  It may be seen that lightning introduces a steep-fronted wave.  The
steeper the wave front, the more rapid is the build-up of voltage at any point in the network.  In most
of the cases, this build-up is comparatively rapid, being of the order of 1–5 µs.  Voltage surges are
generally specified in terms of *rise time t1 and the time t2 to decay to half of the peak value.  For
example, a 1/50 µs surge is one which reaches its maximum value in 1µs and decays to half of its peak
value is 50 µs.

24.224.224.224.224.2  Causes  of  Overvoltages Causes  of  Overvoltages Causes  of  Overvoltages Causes  of  Overvoltages Causes  of  Overvoltages

The overvoltages on a power system may be broadly divided into two main categories viz.
1. Internal causes

(i) Switching surges (ii) Insulation failure

(iii) Arcing ground (iv) Resonance

2. External causes i.e. lightning
Internal causes do not produce surges of large magnitude.  Experience shows that surges due to

internal causes hardly increase the system voltage to twice the normal value.  Generally, surges due to
internal causes are taken care of by providing proper insulation to the equipment in the power system.
However, surges due to lightning are very severe and may increase the system voltage to several times
the normal value.  If the equipment in the power system is not protected against lightning surges,
these surges may cause considerable damage.  In fact, in a power system, the protective devices
provided against overvoltages mainly take care of lightning surges.

* It is the time from the beginning of the surge to the peak value.
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24.324.324.324.324.3  Inter Inter Inter Inter Internal  Causes  of  Overvoltagesnal  Causes  of  Overvoltagesnal  Causes  of  Overvoltagesnal  Causes  of  Overvoltagesnal  Causes  of  Overvoltages

Internal causes of overvoltages on the power system are primarily due to oscillations set up by the
sudden changes in the circuit conditions.  This circuit change may be a normal switching operation
such as opening of a circuit breaker, or it may be the fault condition such as grounding of a line
conductor.  In practice, the normal system insulation is suitably designed to withstand such surges.
We shall briefly discuss the internal causes of overvoltages.

1. Switching Surges.  The overvoltages produced on the power system due to switching
operations are known as switching surges.  A few cases will be discussed by way of illustration :

(i) Case of an open line.  During switching operations of an unloaded line, travelling waves are
set up which produce overvoltages on the line.  As an illustration, consider an unloaded line being
connected to a voltage source as shown in Fig. 24.2.

When the unloaded line is connected to the voltage source, a voltage wave is set up which travels
along the line.  On reaching the terminal point A , it is reflected back to the supply end without change
of sign.  This causes voltage doubling i.e. voltage on the line becomes twice the normal value.  If
Er.m.s. is the supply voltage, then instantaneous voltage which the line will have to withstand will be

2 2 E .  This overvoltage is of temporary nature.  It is because the line losses attenuate the wave and
in a very short time, the line settles down to its normal supply voltage E.  Similarly, if an unloaded line
is switched off, the line will attain a voltage of 2 2 E  for a moment before settling down to the
normal value.

(ii) Case of a loaded line.  Overvoltages will also be produced during the switching operations
of a loaded line.  Suppose a loaded line is suddenly interrupted.  This will set up a voltage of 2 Zn i
across the break (i.e. switch) where i is the instantaneous value of current at the time of opening of
line and *Zn is the natural impedance of the line.  For example, suppose the line having Zn = 1000 Ω
carries a current of 100 A (r.m.s.) and the break occurs at the moment when current is maximum.  The

voltage across the breaker (i.e. switch) = 2 2  × 100 × 1000/1000 = 282·8 kV.  If V m is the peak value
of voltage in kV, the maximum voltage to which the line may be subjected is = (V m + 282·8) kV.

(iii) Current chopping.  Current chopping results in the production of high voltage transients
across the contacts of the air blast circuit breaker as detailed in chapter 19.  It is briefly discussed
here.  Unlike oil circuit breakers, which are independent for the effectiveness on the magnitude of the

* It can be shown that natural impedance of the line is given by :

Zn = L C/
where L and C are the constants of the line.  The term ‘natural’ is used because this impedance has nothing
to do with any load, but depends only upon line constants.
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current being interrupted, air-blast circuit breakers retain the same extinguishing power irrespective
of the magnitude of this current.  When breaking low currents (e.g. transformer magnetising current)
with air-blast breaker, the powerful de-ionising effect of air-blast causes the current to fall abruptly to
zero well before the natural current zero is reached.  This phenomenon is called current chopping and
produces high transient voltage across the breaker contacts.  Overvoltages due to current chopping
are prevented by resistance switching (See Chapter 19).

2. Insulation failure.  The most common case of insulation failure in a power system is the
grounding of conductor (i.e. insulation failure between line and earth) which may cause overvoltages
in the system.  This is illustrated in Fig. 24.3.

Suppose a line at potential E is earthed at point X . The earthing of the line causes two equal
voltages of −E to travel along XQ and XP containing currents −E/Zn and +E/Zn respectively.  Both
these currents pass through X  to earth so that current to earth is 2 E/Zn.

3. Arcing ground.  In the early days of transmission, the neutral of three phase lines was not
earthed to gain two advantages.  Firstly, in case of line-to-ground fault, the line is not put out of
action.  Secondly, the zero sequence currents are eliminated, resulting in the decrease of interference
with communication lines.  Insulated neutrals give no problem with short lines and comparatively low
voltages.  However, when the lines are long and operate at high voltages, serious problem called
arcing ground is often witnessed.  The arcing ground produces severe oscillations of three to four
times the normal voltage.

The phenomenon of intermittent arc taking place in line-to-ground fault of a 3φ system with
consequent production of transients is known as arcing ground.

The transients produced due to arcing ground are cumulative and may cause serious damage to
the equipment in the power system by causing breakdown of insulation.  Arcing ground can be pre-
vented by earthing the neutral.

4. Resonance.  Resonance in an electrical system occurs when inductive reactance of the cir-
cuit becomes equal to capacitive reactance.  Under resonance, the impedance of the circuit is equal to
resistance of the circuit and the p.f. is unity.  Resonance causes high voltages in the electrical system.
In the usual transmission lines, the capacitance is very small so that resonance rarely occurs at the
fundamental supply frequency.  However, if generator e.m.f. wave is distorted, the trouble of reso-
nance may occur due to 5th or higher harmonics and in case of underground cables too.

24.424.424.424.424.4  Lightning Lightning Lightning Lightning Lightning

An electric discharge between cloud and earth, between clouds or between the charge centres of the
same cloud is known as lightning.

Lightning is a huge spark and takes place when clouds are charged to such a high potential (+ve
or −ve) with respect to earth or a neighbouring cloud that the dielectric strength of neighbouring
medium (air) is destroyed.  There are several theories which exist to explain how the clouds acquire
charge.  The most accepted one is that during the uprush of warm moist air from earth, the friction
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between the air and the tiny particles of water causes the building up of charges.  When drops of water
are formed, the larger drops become positively charged and the smaller drops become negatively
charged.  When the drops of water accumulate, they form clouds, and hence cloud may possess either
a positive or a negative charge, depending upon the charge of drops of water they contain.  The charge
on a cloud may become so great that it may discharge to another cloud or to earth and we call this
discharge as lightning.  The thunder which accompanies lightning is due to the fact that lightning
suddenly heats up the air, thereby causing it to expand.  The surrounding air pushes the expanded air
back and forth causing the wave motion of air which we recognise as thunder.

24.524.524.524.524.5  Mechanism of  Lightning  Dischar Mechanism of  Lightning  Dischar Mechanism of  Lightning  Dischar Mechanism of  Lightning  Dischar Mechanism of  Lightning  Dischargegegegege

Let us now discuss the manner in which a lightning discharge occurs.  When a charged cloud passes
over the earth, it induces equal and opposite charge on the earth below. Fig. 24.4 shows a negatively
charged cloud inducing a positive charge on the earth below it.  As the charge acquired by the cloud
increases, the potential between cloud and earth increases and, therefore, gradient in the air increases.
When the potential gradient is sufficient (5 kV*/cm to 10 kV/cm) to break down the surrounding air,
the lightning stroke starts.  The stroke mechanism is as under :

(i) As soon as the air near the cloud breaks down, a streamer called leader streamer or pilot
streamer starts from the cloud towards the earth and carries charge with it as shown in Fig.
24.4 (i).  The leader streamer will continue its journey towards earth as long as the cloud,
from which it originates feeds enough charge to it to maintain gradient at the tip of leader
streamer above the strength of air.  If this gradient is not maintained, the leader streamer
stops and the charge is dissipated without the formation of a complete stroke.  In other
words, the leader streamer will not reach the earth.  Fig. 24.4 (i) shows the leader streamer
being unable to reach the earth as gradient at its end cloud not be maintained above the
strength of air.  It may be noted that current in the leader streamer is low (<100 A) and its
velocity of propagation is about 0·05% that of velocity of light.  Moreover, the luminosity
of leader is also very low.

(ii) In many cases, the leader streamer continues its journey towards earth [See Fig. 24.4 (ii)]
until it makes contact with earth or some object on the earth.  As the leader streamer moves
towards earth, it is accompanied by points of luminescence which travel in jumps giving

* It has been found that in a region occupied by droplets of the size expected in the clouds, the breakdown
voltage is 5 kV/cm to 10 kV/cm compared to 30 kV/cm in air without droplets.  One reason for this is that
the low pressure at high altitudes decreases the breakdown gradient.
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rise to stepped leaders.  The velocity of stepped leader exceeds one-sixth of that of light
and distance travelled in one step is about 50 m.  It may be noted that stepped leaders have
sufficient luminosity and give rise to first visual phenomenon of discharge.

(iii) The path of leader streamer is a path of ionisation and, therefore, of complete breakdown
of insulation.  As the leader streamer reaches near the earth, a return streamer shoots up
from the earth [See Fig. 24.4 (iii)] to the cloud, following the same path as the main channel
of the downward leader.  The action can be compared with the closing of a switch between
the positive and negative terminals; the downward leader having negative charge and re-
turn streamer the positive charge.  This phenomenon causes a sudden spark which we call
lightning.  With the resulting neutralisation of much of the negative charge on the cloud,
any further discharge from the cloud may have to originate from some other portion of it.

The following points may be noted about lightning discharge :

(a) A lightning discharge which usually appears to the eye as a single flash is in reality made up
of a number of separate strokes that travel down the same path.  The interval between them
varies from 0·0005 to 0·5 second.  Each separate stroke starts as a downward leader from
the cloud.

(b) It has been found that 87% of all lightning strokes result from negatively charged clouds
and only 13% originate from positively charged clouds.

(c) It has been estimated that throughout the world, there occur about 100 lightning strokes per
second.

(d) Lightning discharge may have currents in the range of 10 kA to 90 kA.

24.624.624.624.624.6  T T T T Types  of  Lightning  Strypes  of  Lightning  Strypes  of  Lightning  Strypes  of  Lightning  Strypes  of  Lightning  Strokesokesokesokesokes

There are two main ways in which a lightning may strike the power system (e.g. overhead lines,
towers, sub-stations etc.), namely;

1. Direct stroke 2.   Indirect stroke

1. Direct stroke.  In the direct stroke, the lightning discharge (i.e. current path) is directly from
the cloud to the subject equipment e.g. an overhead line.  From the line, the current path may be over
the insulators down the pole to the ground.  The overvoltages set up due to the stroke may be large
enough to flashover this path directly to the ground.  The direct strokes can be of two types viz.
(i) Stroke A  and (ii) stroke B.

(i) In stroke A , the lightning discharge is from the cloud to the subject equipment i.e. an over-
head line in this case as shown in Fig. 24.5 (i).  The cloud will induce a charge of opposite
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sign on the tall object (e.g. an overhead line in this case).  When the potential between the
cloud and line exceeds the breakdown value of air, the lightning discharge occurs between
the cloud and the line.

(ii) In stroke B, the lightning discharge occurs on the overhead line as a result of stroke A
between the clouds as shown in Fig. 24.5 (ii).  There are three clouds P, Q and R having
positive, negative and  positive charges respectively.  The charge on the cloud Q is bound
by the cloud R.  If the cloud P shifts too near the cloud Q, then lightning discharge will
occur between them and charges on both these clouds disappear quickly.  The result is that
charge on cloud R suddenly becomes free and it then discharges rapidly to earth, ignoring
tall objects.

Two points are worth noting about direct strokes.  Firstly, direct strokes on the power system are
very rare.  Secondly, stroke A  will always occur on tall objects and hence protection can be provided
against it.  However, stroke B completely ignores the height of the object and can even strike the
ground.  Therefore, it is not possible to provide protection against stroke B.

2. Indirect stroke.  Indirect strokes result from the electrostatically induced charges on the
conductors due to the presence of charged clouds.  This is illustrated in Fig. 24.6.  A positively
charged cloud is above the line and induces a negative charge on the line by electrostatic induction.
This negative charge, however, will be only on that portion of the line right under the cloud and the
portions of the line away from it will be positively charged as shown in Fig. 24.6.  The induced
positive charge leaks slowly to earth via the insulators.  When the cloud discharges to earth or to
another cloud, the negative charge on the wire is isolated as it cannot flow quickly to earth over the
insulators.  The result is that negative charge rushes along the line is both directions in the form of
travelling waves.  It may be worthwhile to mention here that majority of the surges in a transmission
line are caused by indirect lightning strokes.

24.724.724.724.724.7  Har Har Har Har Harmful  Efmful  Efmful  Efmful  Efmful  Effects  of  Lightningfects  of  Lightningfects  of  Lightningfects  of  Lightningfects  of  Lightning

A direct or indirect lightning stroke on a transmission line produces a steep-fronted voltage wave on
the line.  The voltage of this wave may rise from zero to peak value (perhaps 2000 kV) in about 1 µs
and decay to half the peak value in about 5µs.  Such a steep-fronted voltage wave will initiate travel-
ling waves along the line in both directions with the velocity dependent upon the L and C parameters
of the line.

(i) The travelling waves produced due to lightning surges will shatter the insulators and may
even wreck poles.

(ii) If the travelling waves produced due to lightning hit the windings of a transformer or gen-
erator, it may cause considerable damage.  The inductance of the windings opposes any
sudden passage of electric charge through it.  Therefore, the electric charges “piles up”
against the transformer (or generator).  This induces such an excessive pressure between
the windings that insulation may breakdown, resulting in the production of arc.  While the
normal voltage between the turns is never enough to start an arc, once the insulation has
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Under normal conditions, the point B is at earth potential and the normal supply voltage is unable
to break down the series gaps.  On the occurrence of an overvoltage, the breakdown of series gaps A
to B occurs.  The heavy current after breakdown will choose the straight - through path to earth via the
shunted gaps B and C, instead of the alternative path through the shunt resistance.  When the surge is
over, the arcs B to C go out and any power current following the surge is limited by the two resistances
(shunt resistance and series resistance) which are now in series.  The current is too small to maintain
the arcs in the gaps A  to B and normal conditions are restored.  Such arresters can be employed where
system voltage does not exceed 33 kV.

4. Expulsion type arrester.  This type of arrester is also called ‘protector tube’ and is com-
monly used on system operating at voltages upto 33 kV.  Fig. 24.12 (i) shows the essential parts of an
expulsion type lightning arrester.  It essentially consists of a rod gap A A′ in series with a second gap
enclosed within the fibre tube.  The gap in the fibre tube is formed by two electrodes.  The upper
electrode is connected to rod gap and the lower electrode to the  earth.  One expulsion arrester is
placed under each line conductor.  Fig. 24.12 (ii) shows the installation of expulsion arrester on an
overhead line.

 On the occurrence of an overvoltage on the line, the series gap A A′ is spanned  and an arc is
struck between the electrodes in the tube.  The heat of the arc vaporises some of the fibre of tube
walls, resulting in the production of a neutral gas*.  In an extremely short time, the gas builds up high
pressure and is expelled through the lower electrode which is hollow.  As the gas leaves the tube
violently, it carries away ionised air around the arc.  This de-ionising effect is generally so strong that
arc goes out at a current zero and will not be re-established.

Advantages
(i) They are not very expensive.

(ii) They are improved form of rod gap arresters as they block the flow of power frequency
follow currents.

(iii) They can be easily installed.

* The gas evolved is an un-ionised mixture of water vapour and decomposition products of the fibre.
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Limitations

(i) An expulsion type arrester can perform only limited number of operations as during each
operation some of the fibre material is used up.

(ii) This type of arrester cannot be mounted in an enclosed equipment due to the discharge of
gases during operation.

(iii) Due to the poor volt/amp characteristic of the arrester, it is not suitable for the protection of
expensive equipment.

5. Valve type arrester.  Valve type arresters incorporate non-linear resistors and are exten-
sively used on systems operating at high voltages.  Fig. 24.13 (i) shows the various parts of a valve
type arrester.  It consists of two assemblies (i) series spark gaps and (ii) non-linear resistor discs
(made of material such as thyrite or metrosil) in series.  The non-linear elements are connected in
series with the spark gaps.  Both the assemblies are accommodated in tight porcelain container.

(i) The spark gap is a multiple assembly consisting of a number of identical spark gaps in
series.  Each gap consists of two electrodes with a fixed gap spacing.  The  voltage distribu-
tion across the gaps is linearised by means of additional resistance elements (called grading
resistors) across the gaps.  The spacing of the series gaps is such that it will withstand the
normal circuit voltage. However, an overvoltage will cause the gap to breakdown, causing
the surge current to ground via the non-linear resistors.

(ii) The non-linear resistor discs are made of an inorganic compound such as Thyrite or Metrosil.
These discs are connected in series.  The non-linear resistors have the property of offering
a high resistance to current flow when normal system voltage is applied, but a low resis-
tance to the flow of high-surge currents. In other words, the resistance of these non-linear
elements decreases with the increase in current through them and vice-versa.

Working.  Under normal conditions, the normal system voltage is insufficient to cause the break-
down of air gap assembly.  On the occurrence of an overvoltage, the breakdown of the series spark
gap takes place and the surge current is conducted to earth via the non-linear resistors.  Since the
magnitude of surge current is very large, the non-linear elements will offer a very low resistance to the
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passage of surge.  The result is that the surge will rapidly go to earth instead of being sent back over
the line.  When the surge is over, the non-linear resistors assume high resistance to stop the flow of
current.
Advantages

(i) They provide very effective protection (especially for transformers and cables) against
surges.

(ii) They operate very rapidly taking less than a second.
(iii) The *impulse ratio is practically unity.

Limitations
(i) They **may fail to check the surges of very steep wave front from reaching the terminal

apparatus.  This calls for additional steps to check steep-fronted waves.
(ii) Their performance is adversely affected by the entry of moisture into the enclosure.  This

necessitates effective sealing of the enclosure at all times.

Applications.  According to their application, the valve type arresters are classified as (i) station
type and (ii) line type.  The station type arresters are generally used for the protection of important
equipment in power stations operating on voltages upto 220 kV or higher.  The line type arresters are
also used for stations handling voltages upto 66 kV.

24.1324.1324.1324.1324.13     Sur    Sur    Sur    Sur    Surge  ge  ge  ge  ge  AbsorberAbsorberAbsorberAbsorberAbsorber

The travelling waves set up on the transmission lines
by the surges may reach the terminals apparatus and
cause damage to it.  The amount of damage caused not
only depends upon the amplitude of the surge but also
upon the steepness of its wave front.  The steeper the
wave front of the surge, the  more the damage caused
to the equipment.  In order to reduce the steepness of
the wave front of a surge, we generally use surge ab-
sorber.

A surge absorber is a protective device which
reduces the steepness of wave front of a surge by ab-
sorbing surge energy.

Although both surge diverter and surge absorber
eliminate the surge, the manner in which it is done is
different in the two devices.  The surge diverter diverts
the surge to earth but the surge absorber absorbs the
surge energy.  A few cases of surge absorption are dis-
cussed below :

(i) A condenser connected between the line and earth can act as a surge absorber.  Fig. 24.14
shows how a capacitor acts as surge absorber to protect the transformer winding.  Since the
reactance of a condenser is inversely proportional to frequency, it will be low at high fre-
quency and high at low frequency.  Since the surges are of high frequency, the ***capacitor

* Impulse ratio = Breakdown voltage under surge conditions
Breakdown voltage under low frequency conditions

** The normal strokes on transmission lines after travelling along the line are considerably attenuated so that
they are well within the reach of protection afforded by such arresters.

*** A pure capacitor, however, cannot dissipate the energy in the wave front of a travelling wave or in a high
frequency discharge.  It merely reflects the wave energy away from the equipment to be protected and the
energy is dissipated in the line resistance and earth resistance.

Lightning arresters on bus structures
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acts as a short circuit and passes them directly to earth.  However, for power frequency, the
reactance of the capacitor is very high and practically no current flows to the ground.

(ii) Another type of surge absorber consists of a parallel combination of choke and resistance
connected in series with the line as shown in Fig. 24.15.  The choke offers high reactance to
surge frequencies  (XL = 2 π f L).  The surges are, therefore, forced
to flow through the resistance R where they are dissipated.

(iii) Fig. 24.16 shows the another type of surge absorber.  It is called
Ferranti surge absorber.  It consists of an air cored inductor con-
nected in series with the line.  The inductor is surrounded by but
insulated from an earthed metallic sheet called dissipator.  This ar-
rangement is equivalent to a transformer with short-circuited sec-
ondary.  The inductor forms the primary whereas the dissipator forms
the short-circuited secondary.  The energy of the surge is used up in the form of heat gener-
ated in the dissipator due to transformer action.  This type of surge absorber is mainly used
for the protection of transformers.

Fig. 24.17 (i) shows the schematic diagram of 66 kV Ferranti surge absorber while Fig. 24.17 (ii)
shows its equivalent circuit.

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures :
(i) The most severe surges on the line are produced by ...............

(ii) Lightning produces a ............... fronted wave.
(iii) Transients on the power system due to current chopping are taken care of  by ...............
(iv) Arcing ground can be prevented by ...............
(v) The lightning currents range from 10 kA to about ............... kA.

(vi) For successful working of ground wire, the footing resistance of tower should be ...............
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(vii) A surge diverter should be located ............... to the apparatus to be protected.
2. Fill in the blanks by picking correct words/figures from brackets :

(i) A 1/50 µs surge is ............... harmful than 3/50 µs surge.  Assume the same peak value.
(more, less)

(ii) The ............... lightning strokes are very rare on the power system. (direct, indirect)
(iii) Most of the lightning strokes are due to ...............  charged clouds. (negatively, positively)
(iv) The stroke A  will always occur on ............... (tallest object, earth)
(v) ............... cannot protect the equipment from the travelling waves reaching the equipment.

(ground wires, lightning arrester)
(vi) In sub-stations, the most commonly used type of arrester is ............... arrester.

(Thyrite, horn gap, rod gap)
(vii) Surge absorbers are used to ............... the steepness of wave front of the surge. (reduce, increase)

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

1. (i) lightning  (ii) steep  (iii) resistance switching  (iv) earthing the neutral  (v) 90  (vi) low  (vii) close

2. (i) more  (ii) direct  (iii) negatively  (iv) tallest object  (v) ground wires  (vi) thyrite  (vii) reduce

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. What is a voltage surge ?  Draw a typical lightning voltage surge.
2. Discuss the causes of overvoltages.
3. What is lightning ? Describe the mechanism of lightning discharge.
4. Describe the various types of lightning stroke.
5. What are the harmful effects of lightning ?
6. How do earthing screen and ground wires provide protection against direct lightning strokes ?
7. What is a surge diverter ?  What is the basic principle of operation of a surge diverter ?
8. Write short notes on the following surge diverters :

(i) Rod gap diverter
(ii) Horn gap diverter

(iii) Expulsion type diverter
(iv) Multigap diverter

9. Discuss the construction, principle and working of a valve type arrester.
10. What is a surge absorber ?  Write a short note on Ferranti surge absorber.

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. Why are steep fronted surges more dangerous to power system equipment ?
2. Why is lightning accompanied by a thunder ?
3. Is the name lightning arrester appropriate ?
4. Why are surge diverters located very close to the equipment to be protected ?
5. Where will you use a surge absorber ?
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Sub-Stations

25.1 Sub-Station

25.2 Classification of Sub-Stations

25.3 Comparison between Outdoor and
Indoor Sub-Stations

25.4 Transformer Sub-Stations

25.5 Pole-Mounted Sub-Station

25.6 Underground Sub-Station

25.7 Symbols for Equipment in

Sub-Stations

25.8 Equipment in a Transformer

Sub-Station

25.9 Bus-Bar Arrangements in

Sub-Stations

25.10 Terminal and Through Sub-Stations

25.11 Key Diagram of 66/11 kV Sub-Station

25.12 Key Diagram of 11kV/400 V Indoor
Sub-Station

IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

The present-day electrical power system is
a.c. i.e. electric power is generated, trans
mitted and distributed in the form of

alternating current.  The electric power is
produced at the power stations which are located
at favourable places, generally quite away from
the consumers.  It is delivered to the consumers
through a large network of transmission and
distribution.  At many places in the line of the
power system, it may be desirable and necessary
to change some characteristic (e.g. voltage, a.c.
to d.c., frequency, p.f. etc.) of electric supply.  This
is accomplished by suitable apparatus called sub-
station.  For example, generation voltage (11 kV
or 6·6 kV) at the power station is stepped up to
high voltage (say 220 kV or 132 kV) for
transmission of electric power.  The assembly of
apparatus (e.g. transformer etc.) used for this
purpose is the sub-station.  Similarly, near the
consumers localities, the voltage may have to be
stepped down to utilisation level.  This job is again
accomplished by a suitable apparatus called sub-
station.  Yet at some places in the line of the power
system, it may be desirable to convert large
quantities of a.c. power to d.c. power e.g. for
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traction, electroplating, *d.c. motors etc.  This job is again performed by suitable apparatus (e.g.
ignitron) called sub-station.  It is clear that type of equipment needed in a sub-station will depend
upon the service requirement.  Although there can be several types of sub-stations, we shall mainly
confine our attention to only those sub-stations where the incoming and outgoing supplies are a.c. i.e.
sub-stations which change the voltage level of the electric supply.

25.125.125.125.125.1 Sub-StationSub-StationSub-StationSub-StationSub-Station

The assembly of apparatus used to change some characteristic (e.g. voltage, a.c. to d.c., frequency,
p.f. etc.) of electric supply is called a sub-station.

Sub-stations are important part of power system.  The continuity of supply depends to a consid-
erable extent upon the successful operation of sub-stations.  It is, therefore, essential to exercise
utmost care while designing and building a sub-station.  The following are the important points which
must be kept in view while laying out a sub-station :

(i) It should be located at a proper site.  As far as possible, it should be located at the centre of
gravity of load.

(ii) It should provide safe and reliable arrangement.  For safety, consideration must be given to
the maintenance of regulation clearances, facilities for carrying out repairs and maintenance,
abnormal occurrences such as possibility of explosion or fire etc.  For reliability, consider-
ation must be given for good design and construction, the provision of suitable protective
gear etc.

(iii) It should be easily operated and maintained.

(iv) It should involve minimum capital cost.

25.225.225.225.225.2  Classification  of  Sub-Stations Classification  of  Sub-Stations Classification  of  Sub-Stations Classification  of  Sub-Stations Classification  of  Sub-Stations

There are several ways of classifying sub-stations.  However, the two most important ways of classi-
fying them are according to (1) service requirement and (2) constructional features.

1. According to service requirement.  A sub-station may be called upon to change voltage
level or improve power factor or convert a.c. power into d.c. power etc.  According to the service
requirement, sub-stations may be classified into :

(i) Transformer sub-stations.  Those sub-stations which change the voltage level of electric
supply are called transformer sub-stations.  These sub-stations receive power at some voltage and
deliver it at some other voltage.  Obviously, transformer will be the main component in such sub-
stations.  Most of the sub-stations in the power system are of this type.

(ii) Switching sub-stations.  These sub-stations do not change the voltage level i.e. incoming
and outgoing lines have the same voltage.  However, they simply perform the switching operations of
power lines.

(iii) Power factor correction sub-stations.  Those sub-stations which improve the power factor
of the system are called power factor correction sub-stations.  Such sub-stations are generally located
at the receiving end of transmission lines.  These sub-stations generally use synchronous condensers
as the power factor improvement equipment.

(iv) Frequency changer sub-stations.  Those sub-stations which change the supply frequency
are known as frequency changer sub-stations.  Such a frequency change may be required for indus-
trial utilisation.

(v) Converting sub-stations.  Those sub-stations which change a.c. power into d.c. power are
called converting sub-stations.  These sub-stations receive a.c. power and convert it into d.c. power

* Although most of the motors in operation in the world today are a.c. motors, yet one can find d.c. motors
where fine speed control is required or where these were installed before the development of a.c. machinery.
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with suitable apparatus (e.g. ignitron) to supply for such purposes as traction, electroplating, electric
welding etc.

(vi) Industrial sub-stations.  Those sub-stations which supply power to individual industrial
concerns are known as industrial sub-stations.

2. According to constructional features.  A sub-station has many components (e.g. circuit
breakers, switches, fuses, instruments etc.) which must be housed properly to ensure continuous and
reliable service.  According to constructional features, the sub-stations are classified as :

(i) Indoor sub-station  (ii)   Outdoor sub-station
(iii) Underground sub-station (iv)   Pole-mounted sub-station

(i) Indoor sub-stations.  For voltages upto 11 kV, the equipment of the sub-station is installed
indoor because of economic considerations.  However, when the atmosphere is contaminated with
impurities, these sub-stations can be erected for voltages upto 66 kV.

(ii) Outdoor sub-stations.  For voltages beyond 66 kV, equipment is invariably installed out-
door.  It is because for such voltages, the clearances between conductors and the space required for
switches, circuit breakers and other equipment becomes so great that it is not economical to install the
equipment indoor.

(iii) Underground sub-stations.  In thickly populated areas, the space available for equipment
and building is limited and the cost of land is high.  Under such situations, the sub-station is created
underground.  The reader may find further discussion on underground sub-stations in Art. 25.6.

(iv) Pole-mounted sub-stations.  This is an outdoor sub-station with equipment installed over-
head on H-pole or 4-pole structure.  It is the cheapest form of sub-station for voltages not exceeding
11kV (or 33 kV in some cases).  Electric power is almost distributed in localities through such sub-
stations.  For complete discussion on pole-mounted sub-station, the reader may refer to Art. 25.5.

25.325.325.325.325.3  Comparison  between  Outdoor  and  Indoor  Sub-Stations Comparison  between  Outdoor  and  Indoor  Sub-Stations Comparison  between  Outdoor  and  Indoor  Sub-Stations Comparison  between  Outdoor  and  Indoor  Sub-Stations Comparison  between  Outdoor  and  Indoor  Sub-Stations

The comparison between outdoor and indoor sub-stations is given below in the tabular form :

S.No. Particular Outdoor  Sub-station Indoor  Sub-station

1 Space required More Less

2 Time required for erection Less More

3 Future extension Easy Difficult

4 Fault location Easier beacuse the Difficult because the
equipment is in full view equipment is enclosed

5 Capital cost Low High

6 Operation Difficult Easier

7 Possibility of fault escalation Less because greater More
clearances can be provided

From the above comparison, it is clear that each type has its own advantages and disadvantages.
However, comparative economics (i.e. annual cost of operation) is the most powerful factor influenc-
ing the choice between indoor and outdoor sub-stations.  The greater cost of indoor sub-station pro-
hibits its use.  But sometimes non-economic factors (e.g. public safety) exert considerable influence
in choosing indoor sub-station.  In general, most of the sub-stations are of outdoor type and the indoor
sub-stations are erected only where outdoor construction is impracticable or prohibited by the local
laws.

25.425.425.425.425.4  T T T T Transforransforransforransforransformer  Sub-Stationsmer  Sub-Stationsmer  Sub-Stationsmer  Sub-Stationsmer  Sub-Stations

The majority of the sub-stations in the power system are concerned with the changing of voltage level
of electric supply.  These are known as transformer sub-stations because transformer is the main
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component employed to change the voltage level.  Depending upon the purpose served, transformer
sub-stations may be classified into :

(i) Step-up sub-station (ii) Primary grid sub-station

(iii) Secondary sub-station (iv) Distribution sub-station

Fig. 25.1 shows the block diagram of a typical electric supply system indicating the position of
above types of sub-stations.  It may be noted that it is not necessary that all electric supply schemes
include all the stages shown in the figure.  For example, in a certain supply scheme there may not be
secondary sub-stations and in another case, the scheme may be so small that there are only distribu-
tion sub-stations.

(i) Step-up sub-station.  The generation voltage (11 kV in this case) is stepped up to high
voltage (220 kV) to affect economy in transmission of electric power.  The sub-stations which ac-
complish this job are called step-up sub-stations.  These are generally located in the power houses
and are of outdoor type.

(ii) Primary grid sub-station.  From the step-up sub-station, electric power at 220 kV is trans-
mitted by 3-phase, 3-wire overhead system to the outskirts of the city.  Here, electric power is re-
ceived by the primary grid sub-station which reduces the voltage level to 66 kV for secondary trans-
mission.  The primary grid sub-station is generally of outdoor type.

(iii) Secondary sub-station.  From the primary grid sub-station, electric power is transmitted at
66 kV by 3-phase, 3-wire system to various secondary sub-stations located at the strategic points in
the city.  At a secondary sub-station, the voltage is further stepped down to 11 kV.  The 11 kV lines
run along the important road sides of the city.  It may be noted that big consumers (having demand
more than 50 kW) are generally supplied power at 11 kV for further handling with their own sub-



Sub-Stations 573
stations.  The secondary sub-stations are also generally of outdoor type.

(iv) Distribution sub-station.  The electric power from 11 kV lines is delivered to distribution
sub-stations.  These sub-stations are located near the consumers localities and step down the voltage
to 400 V, 3-phase, 4-wire for supplying to the consumers.  The voltage between any two phases is
400V and between any phase and neutral it is 230 V.   The single phase residential lighting load is
connected between any one phase and neutral whereas 3-phase, 400V motor load is connected across
3-phase lines directly.  It may be worthwhile to mention here that majority of the distribution sub-
stations are of pole-mounted type.

25.525.525.525.525.5  Pole-Mounted  Sub-Station Pole-Mounted  Sub-Station Pole-Mounted  Sub-Station Pole-Mounted  Sub-Station Pole-Mounted  Sub-Station

It is a distribution sub-station placed overhead on a pole.  It is the cheapest form of sub-station as it
does not involve any building work.  Fig 25.2 (i)  shows the layout of pole-mounted sub-station
whereas Fig. 25.2 (ii) shows the schematic connections.  The transformer and other equipment are
mounted on H-type  pole (or 4-pole structure).

The 11 kV line is connected to the transformer (11kV /
400 V) through gang isolator and fuses. The lightning arrest-
ers are installed on the H.T. side to protect the sub-station
from lightning strokes.  The transformer steps down the volt-
age to 400V, 3-phase, 4-wire supply.  The voltage between
any two lines is 400V whereas the voltage between any line
and neutral is 230 V.  The oil circuit breaker (O.C.B.) installed
on the L.T. side automatically isolates the transformer from
the consumers in the event of any fault.  The pole-mounted Sub-Station



574574574574574 Principles of Power System

sub-stations are generally used for transformer capacity upto *200 kVA.  The following points may
be noted about pole-mounted sub-stations :

(i) There should be periodical check-up of the dielectric strength of oil in the transformer and
O.C.B.

(ii) In case of repair of transformer or O.C.B., both gang isolator and O.C.B. should be shut off.

25.625.625.625.625.6  Under Under Under Under Undergrgrgrgrground  Sub-Stationound  Sub-Stationound  Sub-Stationound  Sub-Stationound  Sub-Station

In thickly populated cities, there is scarcity of land as well as the prices of land are very high.  This has
led to the development of underground sub-station.  In such sub-stations, the equipment is placed
underground.  Fig. 25.3 shows a typical underground sub-station.

The design of underground sub-station requires more careful consideration than other types of
sub-stations.  While laying out an underground sub-station, the following points must be kept in view:

(i) The size of the station should be as minimum as possible.

(ii) There should be reasonable access for both equipment and personnel.

(iii) There should be provision for emergency lighting and protection against fire.

(iv) There should be good ventilation.

(v) There should be provision for remote indication of excessive rise in temperature so that H.V.
supply can be disconnected.

(vi) The transformers, switches and fuses should be air cooled to avoid bringing oil into the
premises.

25.725.725.725.725.7  Symbols  for  Equipment  in  Sub-Stations Symbols  for  Equipment  in  Sub-Stations Symbols  for  Equipment  in  Sub-Stations Symbols  for  Equipment  in  Sub-Stations Symbols  for  Equipment  in  Sub-Stations

It is a usual practice to show the various elements (e.g. transformer, circuit breaker, isolator, instru-
ment transformers etc.) of a sub-station by their graphic symbols in the connection schemes.  Sym-
bols of important equipment in sub-station are given below :

* For capacity greater than 200kVA, transformer is installed on steel platform adjoining to the H-pole
construction.
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S.No. Circuit element Symbol

1 Bus-bar
2 Single-break isolating switch

3 Double-break isolating switch

4 On load isolating switch

5 Isolating  switch  with  earth  Blade

6 Current  transformer

7 Potential  transformer

8 Capacitive  voltage  transformer

9 Oil  circuit  breaker

10 Air  circuit  breaker  with  overcurrent  tripping  device

11 Air  blast  circuit  breaker

12 Lightning  arrester  (active  gap)

13 Lightning  arrester  (valve type)
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(i) Terminal sub-station (ii)  Through sub-station
(i) Terminal sub-station.  A terminal sub-station is one in which the line supplying to the sub-

station terminates or ends.  It may be located at the end of the main line or it may be situated at a point
away from main line route.  In the latter case, a tapping is taken from the main line to supply to the
sub-station.  Fig. 25.8 shows the schematic connections of a terminal sub-station.  It is clear that
incoming 11 kV main line terminates at the sub-station.  Most of the distribution sub-stations are of
this type.

(ii) Through sub-station.  A through sub-station is one in which the incoming line passes
‘through’ at the same voltage.  A tapping is generally taken from the line to feed to the transformer  to
reduce the voltage to the desired level.  Fig. 25.9 shows the schematic connections of a through sub-
station.  The incoming 66 kV line passes through the sub-station as 66kV outgoing line.  At the same
time, the incoming line is tapped in the sub-station to reduce the voltage to 11 kV for secondary
distribution.

25.1125.1125.1125.1125.11    Key  Diagram  of  66/11 kV  Sub-Station   Key  Diagram  of  66/11 kV  Sub-Station   Key  Diagram  of  66/11 kV  Sub-Station   Key  Diagram  of  66/11 kV  Sub-Station   Key  Diagram  of  66/11 kV  Sub-Station

Fig. 25.10 shows the key diagram of a typical 66/11 kV sub-station.  The key diagram of this sub-
station can be explained as under :
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(i) There are two 66 kV incoming lines marked ‘incoming 1’ and ‘incoming 2’ connected to the

bus-bars.  Such an arrangement of two incoming lines is called a double circuit.  Each
incoming line is capable of supplying the rated sub-station load.  Both these lines can be
loaded simultaneously to share the sub-station load or any one line can be called upon to
meet the entire load.  The double circuit arrangement increases the reliability of the system.
In case there is a breakdown of one incoming line, the continuity of supply can be main-
tained by the other line.

(ii) The sub-station has duplicate bus-bar system; one ‘main bus-bar’ and the other spare bus-
bar.  The incoming lines can be connected to either bus-bar with the help of a bus-coupler
which consists of a circuit breaker and isolators.  The advantage of double bus-bar system is
that if repair is to be carried on one bus-bar, the supply need not be interrupted as the entire
load can be transferred to the other bus.

(iii) There is an arrangement in the sub-station by which the same 66 kV double circuit supply is
going out i.e. 66 kV double circuit supply is passing through the sub-station.  The outgoing
66 kV double circuit line can be made to act as incoming line.

(iv) There is also an arrangement to step down the incoming 66 kV supply to 11 kV by two units
of 3-phase transformers; each transformer supplying to a separate bus-bar.  Generally, one
transformer supplies the entire sub-station load while the other transformer acts as a standby
unit.  If need arises, both the transformers can be called upon to share the sub-station load.
The 11 kV outgoing lines feed to the distribution sub-stations located near consumers locali-
ties.

(v) Both incoming and outgoing lines are connected through circuit breakers having isolators
on their either end.  Whenever repair is to be carried over the line towers, the line is first
switched off and then earthed.

(vi) The potential transformers (P.T.) and current transformers (C.T.) and suitably located for
supply to metering and indicating instruments and relay circuits (not shown in the figure).
The P.T. is connected right on the point where the line is terminated.  The CTs are  connected
at the terminals of each circuit breaker.

(vii) The lightning arresters are connected near the transformer terminals (on H.T. side) to pro-
tect them from lightning strokes.

(viii) There are other auxiliary components in the sub-station such as capacitor bank for power
factor improvement, earth connections, local supply connections, d.c. supply connections
etc.  However, these have been omitted in the key diagram for the sake of simplicity.

25.1225.1225.1225.1225.12      Key  Diagram  of  11      Key  Diagram  of  11      Key  Diagram  of  11      Key  Diagram  of  11      Key  Diagram  of  11 kkkkkV/400 V  Indoor  Sub-StationV/400 V  Indoor  Sub-StationV/400 V  Indoor  Sub-StationV/400 V  Indoor  Sub-StationV/400 V  Indoor  Sub-Station

Fig. 25.11 shows the key diagram of a typical 11 kV/400 V indoor sub-station.  The key diagram of
this sub-station can be explained as under :

(i) The 3-phase, 3-wire 11 kV line is tapped and brought to the gang operating switch installed
near the sub-station.  The G.O. switch consists of isolators connected in each phase of the 3-
phase line.

(ii) From the G.O. switch, the 11 kV line is brought to the indoor sub-station as underground
cable.  It is fed to the H.T. side of the transformer (11 kV/400 V) via the 11 kV O.C.B.  The
transformer steps down the voltage to 400 V, 3-phase, 4-wire.

(iii) The secondary of transformer supplies to the bus-bars via the main O.C.B.  From the bus-
bars, 400 V, 3-phase, 4-wire supply is given to the various consumers via 400 V O.C.B.  The
voltage between any two phases is 400 V and between any phase and neutral it is 230 V.  The
single phase residential load is connected between any one phase and neutral whereas 3-
phase, 400 V motor load is connected across 3-phase lines directly.



584584584584584 Principles of Power System

(iv) The CTs are located at suitable places in the sub-station circuit and supply for the metering
and indicating instruments and relay circuits.

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by appropriate words/figures :

(i) A sub-station ................. some characteristic of electric supply.

(ii) Most of the sub-stations in the power system change.................. of electric supply.

(iii) An ideal location for the sub-station would be at the ............... of load.

(iv) Pole-mounted sub-stations are used for ............ distribution.

(v) The voltage rating of the transformer in a pole-mounted sub-station is............. .

(vi) Single bus-bar arrangement in sub-stations is used for voltages less then ................

(vii) For voltages greater than 33kV, .............. bus-bar arrangement is employed.

(viii) The kVA rating of transformer in a pole-mounted sub-station does not exceed..................

(ix) An indoor sub-station is ................ expensive than outdoor sub-station.

(x) Fault location is ................ in an outdoor sub-station than in indoor sub-station.

2. Pick up the correct words/figures from brackets and fill in the blanks :
(i) Outdoor sub-station requires ............ space. (more, less)

(ii) The possibility of fault escalation is .......... in outdoor sub-station than that of indoor sub-station.

(more, less)

(iii) Majority of distribution sub-stations are of ................. type. (pole-mounted, indoor, outdoor)
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(iv) Power factor correction sub-stations are generally located at the ........ end of a transmission line.

(sending, receiving)

(v) Underground sub-stations are generally located in................. (thickly populated areas, villages)

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

1. (i) changes  (ii) voltage level  (iii) centre of gravity  (iv) secondary  (v) 11 kV/400 V  (vi) 33 kV
(vii) duplicate  (viii) 200  (ix) more  (x) easier

2. (i) more  (ii) less  (iii) pole-mounted  (iv) receiving  (v) thickly populated areas

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. What is a sub-station ?  Name the factors that should be taken care of while designing and erecting a sub-
station.

2. Discuss the different ways of classifying the sub-stations.

3. Give the comparison of outdoor and indoor sub-stations.

4. What is a transformer sub-station ?  What are the different types of transformer sub-stations ?  Illustrate
your answer with a suitable block diagram.

5. Draw the layout and schematic connection of a pole-mounted sub-station.

6. Draw the layout of a typical underground sub-station.

7. Write a short note on the sub-station equipment.

8. What are the different types of bus-bar arrangements used in sub-stations ?  Illustrate your answer with
suitable diagrams.

9. What are terminal and through sub-stations ?   What is their purpose in the power system ?

10. Draw the key diagram of a typical 66/11 kV sub-station.

11. Draw the key diagram of a typical 11 kV/400 V indoor sub-station.

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. What is the need of a sub-station in the power system ?

2. Why are pole-mounted sub-stations very popular ?

3. Where we erect a terminal sub-station ?

4. Why do we use isolators on both sides of circuit breaker ?

5. What is the utility of instrument transformers in sub-stations ?
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Neutral  Grounding

 26.1  Grounding or Earthing

26.2 Equipment Grounding

26.3 System Grounding

26.4 Ungrounded Neutral System

26.5 Neutral Grounding

26.6 Advantages of Neutral Grounding

26.7 Methods of Neutral Grounding

26.8 Solid Grounding

26.9 Resistance Grounding

26.10 Reactance Grounding

26.11 Arc Suppression Coil Grounding
(or Resonant Grounding)

26.12 Voltage Transformer Earthing

26.13 Grounding Transformer

IntrIntrIntrIntrIntroductionoductionoductionoductionoduction

In power system, *grounding or earthing
means connecting frame of electrical
equipment (non-current carrying part) or

some electrical part of the system (e.g. neutral
point in a star-connected system, one conductor
of the secondary of a transformer etc.) to earth
i.e. soil. This connection to earth may be through
a conductor or some other circuit element (e.g. a
resistor, a circuit breaker etc.) depending upon
the situation. Regardless of the method of
connection to earth, grounding or earthing offers
two principal advantages. First, it provides
protection to the power system. For example, if
the neutral point of a star-connected system is
grounded through a circuit breaker and phase to
earth fault occurs on any one line, a large fault
current will flow through the circuit breaker. The

* In electrical and electronic circuits, all the points
which are electrically the same (called common
points) are connected to the metal chassis. This
method of grounding is called chassis ground or
circuit ground. Circuit ground may or may not be
connected to earth (i.e. soil). For example, in most
cars, the negative terminal of the battery and one
side of all electrical circuits are connected to the
metal chassis.
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circuit breaker will open to isolate the faulty line. This protects the power system from the harmful
effects of the fault. Secondly, earthing of electrical equipment (e.g. domestic appliances, hand-held
tools, industrial motors etc.) ensures the safety of the persons handling the equipment. For example,
if insulation fails, there will be a direct contact of the live conductor with the metallic part (i.e.
frame) of the equipment. Any person in contact with the metallic part of this equipment will be
subjected to a dangerous electrical shock which can be fatal. In this chapter, we shall discuss the
importance of grounding or earthing in the line of power system with special emphasis on neutral
grounding.

26.1   Gr26.1   Gr26.1   Gr26.1   Gr26.1   Grounding  or  Earthingounding  or  Earthingounding  or  Earthingounding  or  Earthingounding  or  Earthing

The process of connecting the metallic frame (i.e. non-current carrying part) of electrical equip-
ment or some electrical part of the system (e.g. neutral point in a star-connected system, one con-
ductor of the secondary of a transformer etc.) to earth (i.e. soil) is called grounding or earthing.

It is strange but true that grounding of electrical systems is less understood aspect of power
system. Nevertheless, it is a very important subject. If grounding is done systematically in the line of
the power system, we can effectively prevent accidents and damage to the equipment of the power
system and at the same time continuity of supply can be maintained. Grounding or earthing may be
classified as : (i)  Equipment grounding  (ii)  System grounding.

Equipment grounding deals with earthing the non-current-carrying metal parts of the electrical
equipment. On the other hand, system grounding means earthing some part of the electrical system
e.g. earthing of neutral point of star-connected system in generating stations and sub-stations.

26.2    Equipment   Gr26.2    Equipment   Gr26.2    Equipment   Gr26.2    Equipment   Gr26.2    Equipment   Groundingoundingoundingoundingounding

The process of connecting non-current-carrying metal parts (i.e. metallic enclosure) of the electri-
cal equipment to earth (i.e. soil) in such a way that in case of insulation failure, the enclosure
effectively remains at earth potential is called equipment grounding.

We are frequently in touch with electrical equipment of all kinds, ranging from domestic appli-
ances and hand-held tools to industrial motors. We shall illustrate the need of effective equipment
grounding by considering a single-phase circuit composed of a 230 V source connected to a motor
M as shown in Fig. 26.1. Note that neutral is solidly grounded at the service entrance. In the interest
of easy understanding, we shall divide the discussion into three heads viz. (i) Ungrounded enclosure
(ii) enclosure connected to neutral wire  (iii) ground wire connected to enclosure.

(i)  Ungrounded enclosure.  Fig. 26.1 shows the case of ungrounded metal enclosure. If a
person touches the metal enclosure, nothing will happen if the equipment is functioning correctly.
But if the winding insulation becomes faulty, the resistance Re between the motor and enclosure
drops to a low value (a few hundred ohms or less). A person having a body resistance Rb would
complete the current path as shown in Fig. 26.1.

Fig. 26.1

If Re is small (as is usually the case when insulation failure of winding occurs), the leakage
current IL through the person’s body could be dangerously high. As a result, the person would get
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* Electric shock.  It is generally believed that currents below 5 mA are not dangerous. Between 10 mA and
20 mA, the current is dangerous because the victim loses muscular control. The resistance of the human
body, taken between two hands or between one hand and a leg ranges from 500 Ω to 50 kΩ. If the resis-
tance of human body is assumed to be 20 kΩ, then momentary contact with a 230 V line can be potentially
fatal.

IL  = 
Ω

230V

20 k
 =  11.5 mA

severe *electric shock which may be fatal. Therefore, this system is unsafe.

(ii)  Enclosure connected to neutral wire.  It may appear that the above problem can be solved
by connecting the enclosure to the grounded neutral wire as shown in Fig. 26.2. Now the leakage
current IL flows from the motor, through the enclosure and straight back to the neutral wire (See Fig.
26.2). Therefore, the enclosure remains at earth potential. Consequently, the operator would not
experience any electric shock.

Fig. 26.2

The trouble with this method is that the neutral wire may become open either accidentally or
due to a faulty installation. For example, if the switch is inadvertently in series with the  neutral
rather than the live wire (See Fig. 26.3), the motor can still be turned on and off. However, if some-
one touched the enclosure while the motor is off, he would receive a severe electric shock (See
Fig. 26.3). It is because when the motor is off, the potential of the enclosure rises to that of the live
conductor.

Fig. 26.3

(iii)  Ground wire connected to enclosure.  To get rid of this problem, we install a third wire,
called ground wire, between the enclosure and the system ground as shown in Fig. 26.4. The ground
wire may be bare or insulated. If it is insulated, it is coloured green.

Fig. 26.4
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Electrical outlets have three contacts — one for live wire, one for neutral wire and one for
ground wire.

26.3    System  Gr26.3    System  Gr26.3    System  Gr26.3    System  Gr26.3    System  Groundingoundingoundingoundingounding

The process of connecting some electrical part of the power system (e.g. neutral point of a star-
connected system, one conductor of the secondary of a transformer etc.) to earth (i.e. soil) is called
system grounding.

The system grounding has assumed considerable importance in the fast expanding power sys-
tem. By adopting proper schemes of system grounding, we can achieve many advantages including
protection, reliability and safety to the power system network. But before discussing the various
aspects of neutral grounding, it is desirable to give two examples to appreciate the need of system
grounding.

(i)  Fig. 26.5 (i) shows the primary winding of a distribution transformer connected between
the line and neutral of a 11 kV line. If the secondary conductors are ungrounded, it would
appear that a person could touch either secondary conductor without harm because there is
no ground return. However, this is not true. Referring to Fig. 26.5, there is capacitance C1
between primary and secondary and capacitance C2 between secondary and ground. This
capacitance coupling can produce a high voltage between the secondary lines and the ground.
Depending upon the relative magnitudes of C1 and C2, it may be as high as 20% to 40% of
the primary voltage. If a person touches either one of the secondary wires, the resulting
capacitive current IC flowing through the body could be dangerous even in case of small
transformers [See Fig. 26.5(ii)]. For example, if IC is only 20 mA, the person may get a
fatal electric shock.

Fig. 26.5

If one of the secondary conductors is grounded, the capacitive coupling almost reduces to
zero and so is the capacitive current IC. As a result, the person will experience no electric
shock. This explains the importance of system grounding.

(ii) Let us now turn to a more serious situation. Fig. 26.6 (i) shows the primary winding of a
distribution transformer connected between the line and neutral of a 11 kV line. The sec-
ondary conductors are ungrounded. Suppose that the high voltage line (11 kV in this case)
touches the 230 V conductor as shown in Fig. 26.6 (i). This could be caused by an internal
fault in the transformer or by a branch or tree falling across the 11 kV and 230 V lines.
Under these circumstances, a very high voltage is imposed between the secondary conduc-
tors and ground. This would immediately puncture the 230 V insulation, causing a massive
flashover. This flashover could occur anywhere on the secondary network, possibly inside
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a home or factory. Therefore, ungrounded secondary in this case is a potential fire hazard
and may produce grave accidents under abnormal conditions.

Fig. 26.6

If one of the secondary lines is grounded as shown in Fig. 26.6(ii), the accidental contact be-
tween a 11 kV conductor and a 230 V conductor produces a dead short. The short-circuit current
(i.e. fault current) follows the dotted path shown in Fig. 26.6 (ii). This large current will blow the
fuse on the 11 kV side, thus disconnecting the transformer and secondary distribution system from
the 11 kV line. This explains the importance of system grounding in the line of the power system.

26.4   Ungr26.4   Ungr26.4   Ungr26.4   Ungr26.4   Ungrounded  Neutral  Systemounded  Neutral  Systemounded  Neutral  Systemounded  Neutral  Systemounded  Neutral  System

In an ungrounded neutral system, the neutral is not connected to the ground i.e. the neutral is isolated
from the ground. Therefore, this system is also called isolated neutral system or free neutral system.
Fig. 26.7 shows ungrounded neutral system. The line conductors have capacitances between one
another and to ground. The former are delta-connected while the latter are star-connected. The
delta-connected capacitances have little effect on the grounding characteristics of the system (i.e.
these capacitances do not effect the earth circuit) and, therefore, can be neglected. The circuit then
reduces to the one shown in Fig. 26.8(i).

Fig. 26.7

Circuit behaviour under normal conditions.  Let us discuss the behaviour of ungrounded
neutral system under normal conditions (i.e. under steady state and balanced conditions). The line is
assumed to be perfectly transposed so that each conductor has the same capacitance to ground.
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* Due to line-to-ground fault in line B, the potential of phase B becomes equal to the ground potential. This
short circuits the capacitance of this line (i.e. capacitance CB). Hence no capacitive current flows through
CB.

Therefore, CR = CY  = CB = C (say). Since the phase voltages V RN, VY N and V BN have the same
magnitude (of course, displaced 120° from one another), the capacitive currents IR, IY  and IB will
have the same value i.e.

IR = IY  = IB = ph

C

V

X
.... in magnitude

where Vph = Phase voltage (i.e. line-to-neutral voltage)

XC = Capacitive reactance of the line to ground.

Fig. 26.8

The capacitive currents IR, IY  and IB lead their respective phase voltages V RN, V Y N and V BN by
90° as shown in the phasor diagram in Fig. 26.8(ii). The three capacitive currents are equal in
magnitude and are displaced 120° from each other. Therefore, their phasor sum is zero. As a result,
no current flows to ground and the potential of neutral is the same as the ground potential. There-
fore, ungrounded neutral system poses no problems under normal conditions. However, as we shall
see, currents and voltages are greatly influenced during fault conditions.

Circuit behaviour under single line to ground-fault.  Let us discuss the behaviour of un-
grounded neutral system when single line to ground fault occurs. Suppose line to ground fault oc-
curs in line B at some point F. The *circuit then becomes as shown in Fig. 26.9(i). The capacitive
currents IR and IY  flow through the lines R and Y  respectively. The voltages driving IR and IY  are V BR
and V B Y respectively. Note that V BR and V B Y are the line voltages [See Fig. 26.9 (ii)]. The paths of IR
and IY  are essentially capacitive. Therefore, IR  leads V BR by 90° and IY  leads V B Y by 90° as shown in
Fig. 26.9 (ii). The capacitive fault current IC in line B is the phasor sum of IR and IY .

Fault current in line B, IC = IR + IY    .... Phasor sum

Now, IR =
phBR

C C

VV

X X

3
=

       and IY =
phBY

C C

VV

X X

3
=

.
.
. IR  =  IY =

3 ph

C

V

X
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= 3  × Per phase capacitive current under normal conditions

Capacitive fault current in line B is

IC = Phasor sum of IR and IY

= †
ph ph

R
C C

V V
I

X X

3 3
3 3= × =

.
.
. IC =

ph ph

C C

V V

X X

3
3= ×

= 3 × Per phase capacitive current under normal conditions

Therefore, when single line to ground fault occurs on an ungrounded neutral system, the follow-
ing effects are produced in the system:

(i) The potential of the faulty phase becomes equal to ground potential. However, the voltages
of the two remaining healthy phases rise from their normal phase voltages to full line value.
This may result in insulation breakdown.

(ii) The capacitive current in the two healthy phases increase to 3  times the normal value.

(iii) The capacitive fault current (IC) becomes 3 times the normal per phase capacitive current.

(iv) This system cannot provide adequate protection against earth faults. It is because the ca-
pacitive fault current is small in magnitude and cannot operate protective devices.

(v) The capacitive fault current IC flows into earth. Experience shows that IC in excess of
4A is sufficient to maintain an arc in the ionized path of the fault. If this current is once
maintained, it may exist even after the earth fault is cleared. This phenomenon of *per-
sistent arc is called arcing ground. Due to arcing ground, the system capacity is charged
and discharged in a cyclic order. This sets up high-frequency oscillations on the whole
system and the phase voltage of healthy conductors may rise to 5 to 6 times its normal
value. The overvoltages in healthy conductors may damage the insulation in the line.

Fig. 26.9

† Referring to Fig. 26.9(ii), the magnitudes of IR and IY  are equal and the angle between them is 60°. There-
fore, the resultant capacitive fault current IC is given by:

IC  =  2IR cos 60°/2 = 2IR cos 30° = 2 IR × RI3 / 2 3 .=

* When the arc is formed, the voltage across it becomes zero and the arc is extinguished. As a result, the
potential of the faulty conductor is restored and the formation of second arc takes place. This phenomenon
of intermittent arcing is called arcing ground.
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Due to above disadvantages, ungrounded neutral system is not used these days. The modern
high-voltage 3-phase systems employ grounded neutral owing to a number of advantages.

26.5    Neutral  Gr26.5    Neutral  Gr26.5    Neutral  Gr26.5    Neutral  Gr26.5    Neutral  Groundingoundingoundingoundingounding

The process of connecting neutral point of 3-phase system to earth (i.e. soil) either directly or
through some circuit element (e.g. resistance, reactance etc.) is called neutral grounding.

Neutral grounding provides protection to personal and equipment. It is because during earth
fault, the current path is completed through the earthed neutral and the protective devices (e.g. a fuse
etc.) operate to isolate the faulty conductor from the rest of the system. This point is illustrated in
Fig. 26.10.

Fig. 26.10

Fig. 26.10 shows a 3-phase, star-connected system with neutral earthed (i.e. neutral point is
connected to soil). Suppose a single line to ground fault occurs in line R at point F. This will cause
the current to flow through ground path as shown in Fig. 26.10. Note that current flows from R-
phase to earth, then to neutral point N and back to R-phase. Since the impedance of the current path
is low, a large current flows through this path. This large current will blow the fuse in R-phase and
isolate the faulty line R. This will protect the system from the harmful effects (e.g. damage to equip-
ment, electric shock to personnel etc.) of the fault. One important feature of grounded neutral is that
the potential difference between the live conductor and ground will not exceed the phase voltage of
the system i.e. it  will remain nearly constant.

26.6   Advantages  of  Neutral  Gr26.6   Advantages  of  Neutral  Gr26.6   Advantages  of  Neutral  Gr26.6   Advantages  of  Neutral  Gr26.6   Advantages  of  Neutral  Groundingoundingoundingoundingounding

The following are the advantages of neutral grounding :

(i) Voltages of the healthy phases do not exceed line to ground voltages i.e. they remain nearly
constant.

(ii) The high voltages due to arcing grounds are eliminated.

(iii) The protective relays can be used to provide protection against earth faults. In case earth
fault occurs on any line, the protective relay will operate to isolate the faulty line.

(iv) The overvoltages due to lightning are discharged to earth.

(v) It provides greater safety to personnel and equipment.

(vi) It provides improved service reliability.

(vii) Operating and maintenance expenditures are reduced.
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Note : It is interesting to mention here that ungrounded neutral has the following advantages :
(i) In case of earth fault on one line, the two healthy phases will continue to supply load for a

short period.
(ii) Interference with communication lines is reduced because of the absence of zero sequence

currents.
The advantages of ungrounded neutral system are of negligible importance as compared to the

advantages of the grounded neutral system. Therefore, modern 3-phase systems operate with grounded
neutral points.

26.7    Methods  of  Neutral  Gr26.7    Methods  of  Neutral  Gr26.7    Methods  of  Neutral  Gr26.7    Methods  of  Neutral  Gr26.7    Methods  of  Neutral  Groundingoundingoundingoundingounding

The methods commonly used for grounding the neutral point of a 3-phase system are :
(i) Solid or effective grounding (ii) Resistance grounding

(iii) Reactance grounding (iv) Peterson-coil grounding

The choice of the method of grounding depends upon many factors including the size of the
system, system voltage and the scheme of protection to be used.

26.8    Solid  Gr26.8    Solid  Gr26.8    Solid  Gr26.8    Solid  Gr26.8    Solid  Groundingoundingoundingoundingounding

When the neutral point of a 3-phase system (e.g. 3-
phase generator, 3-phase transformer etc.) is directly
*connected to earth (i.e. soil) through a wire of neg-
ligible resistance and reactance, it is called solid
grounding or effective grounding.

Fig. 26.11 shows the solid grounding of the neu-
tral point. Since the neutral point is directly connected
to earth through a wire, the neutral point is held at
earth potential under all conditions. Therefore, un-
der fault conditions, the voltage of any conductor to
earth will not exceed the normal phase voltage of the system.

Advantages.  The solid grounding of neutral point has the following advantages :
(i) The neutral is effectively held at earth potential.

Fig. 26.12

* This is a metallic connection made from the neutral of the system to one or more earth electrodes consist-
ing of plates, rods or pipes buried in the ground.

Fig. 26.11
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(ii) When earth fault occurs on any phase, the resultant capacitive current IC is in phase oppo-
sition to the fault current IF. The two currents completely cancel each other. Therefore, no
arcing ground or over-voltage conditions can occur. Consider a line to ground fault in line
B as shown in Fig. 26.12. The capacitive currents flowing in the healthy phases R and Y  are
IR and IY  respectively. The resultant capacitive current IC is the phasor sum of IR and IY . In
addition to these capacitive currents, the power source also supplies the fault current IF.
This fault current will go from fault point to earth, then to neutral point N and back to the
fault point through the faulty phase. The path of IC is capacitive and that of IF is *inductive.
The two currents are in phase opposition and completely cancel each other. Therefore, no
arcing ground phenomenon or over-voltage conditions can occur.

(iii) When there is an earth fault on any phase of the system, the phase to earth voltage of the
faulty phase becomes zero. However, the phase to earth voltages of the remaining two
healthy phases remain at normal phase voltage because the potential of the neutral is fixed
at earth potential. This permits to insulate the equipment for phase voltage. Therefore,
there is a saving in the cost of equipment.

(iv) It becomes easier to protect the system from earth faults which frequently occur on the
system. When there is an earth fault on any phase of the system, a large fault current flows
between the fault point and the grounded neutral. This permits the easy operation of earth-
fault relay.

Disadvantages.  The following are the disadvantages of solid grounding :
(i) Since most of the faults on an overhead system are phase to earth faults, the system has to

bear a large number of severe shocks. This causes the system to become unstable.
(ii) The solid grounding results in heavy earth fault currents. Since the fault has to be cleared

by the circuit breakers, the heavy earth fault currents may cause the burning of circuit
breaker contacts.

(iii) The increased earth fault current results in greater interference in the neighbouring com-
munication lines.

Applications.  Solid grounding is usually employed where the circuit impedance is sufficiently
high so as to keep the earth fault current within safe limits. This system of grounding is used for
voltages upto 33 kV with total power capacity not exceeding 5000 kVA.

26.9   Resistance  Gr26.9   Resistance  Gr26.9   Resistance  Gr26.9   Resistance  Gr26.9   Resistance  Groundingoundingoundingoundingounding

In order to limit the magnitude of earth fault current, it is a common practice to connect the neutral
point of a 3-phase system to earth through a resistor. This is called resistance grounding.

When the neutral point of a 3-phase system (e.g. 3-phase generator, 3-phase transformer etc.)
is connected to earth (i.e. soil) through a resistor, it is called resistance grounding.

Fig. 26.13 shows the grounding of neutral point through a **resistor R. The value of R should
neither be very low nor very high. If the value of earthing resistance R is very low, the earth fault
current will be large and the system becomes similar to the solid grounding system. On the other
hand, if the earthing resistance R is very high, the system conditions become similar to ungrounded

* By symmetrical components, the fault current IF is given by :

IF = + +21 0

3Vph

Z Z Z

Since Z1 + Z2 + Z0 is predominantly inductive, IF lags behind the phase to neutral voltage of the faulted
phase by nearly 90°.

** It may be a metallic resistor or liquid resistor. Metallic resistors do not change with time and practically
require no maintenance. However, a metallic resistor is slightly inductive and this poses a problem with
overhead lines exposed to lightning, Liquid resistors are free from this disadvantage.
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neutral system. The value of R is so chosen
such that the earth fault current is limited to
safe value but still sufficient to permit the
operation of earth fault protection system. In
practice, that value of R is  selected that lim-
its the earth fault current to 2 times the nor-
mal full load current of the earthed generator
or transformer.

Advantages.  The following are the ad-
vantages of resistance earthing:

(i) By adjusting the value of R, the arc-
ing grounds can be minimised. Sup-
pose earth fault occurs in phase B as shown in Fig. 26.14. The capacitive currents IR and IY
flow in the healthy phases R and Y  respectively. The fault current IF lags behind the phase
voltage of the faulted phase by a certain angle depending upon the earthing resistance R
and the reactance of the system upto the point of fault. The fault current IF can be resolved
into two components viz.

Fig. 26.14

(a)  IF1 in phase with the faulty phase voltage.
(b)  IF2 lagging behind the faulty phase voltage by 90°.

The lagging component IF2 is in phase opposition to the total capacitive current IC. If the value
of earthing resistance R is so adjusted that IF2 = IC, the arcing ground is completely eliminated and
the operation of the system becomes that of solidly grounded system. However, if R is so adjusted
that IF2 < IC, the operation of the system becomes that of ungrounded neutral system.

(ii) The earth fault current is small due to the presence of earthing resistance. Therefore, inter-
ference with communication circuits is reduced.

(iii) It improves the stability of the system.

Disadvantages.  The following are the disadvantages of resistance grounding :
(i) Since the system neutral is displaced during earth faults, the equipment has to be insulated

for higher voltages.

(ii) This system is costlier than the solidly grounded system.

Fig. 26.13
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* Also called Peterson coil grounding.

(iii) A large amount of energy is produced in the earthing resistance during earth faults. Some-
times it becomes difficult to dissipate this energy to atmosphere.

Applications.  It is used on a system operating at voltages between 2.2 kV and 33 kV with
power source capacity more than 5000 kVA.

26.10   Reactance  Gr26.10   Reactance  Gr26.10   Reactance  Gr26.10   Reactance  Gr26.10   Reactance  Groundingoundingoundingoundingounding

In this system, a reactance is inserted
between the neutral and ground as shown
in Fig. 26.15. The purpose of reactance is
to limit the earth fault current. By changing
the earthing reactance, the earth fault current
can to changed to obtain the conditions
similar to that of solid grounding. This
method is not used these days because of
the following disadvantages :

(i) In this system, the fault current
required to operate the protec-
tive device is higher than that of resistance grounding for the same fault conditions.

(ii) High transient voltages appear under fault conditions.

26.11  *Ar26.11  *Ar26.11  *Ar26.11  *Ar26.11  *Arc  Supprc  Supprc  Supprc  Supprc  Suppression  Coil  Gression  Coil  Gression  Coil  Gression  Coil  Gression  Coil  Grounding  (or Resonant  Grounding  (or Resonant  Grounding  (or Resonant  Grounding  (or Resonant  Grounding  (or Resonant  Grounding)ounding)ounding)ounding)ounding)

We have seen that capacitive currents are responsible for producing arcing grounds. These capaci-
tive currents flow because capacitance exists between each line and earth. If inductance L of appro-
priate value is connected in parallel with the capacitance of the system, the fault current IF flowing
through L will be in phase opposition to the capacitive current IC of the system. If L is so adjusted
that IL = IC, then resultant current in the fault will be zero. This condition is known as resonant
grounding.

When the value of L of arc suppression coil is such that the fault current IF exactly balances the
capacitive current IC, it is called resonant grounding.

Circuit details.  An arc suppression coil (also called Peterson coil) is an iron-cored coil con-
nected between the neutral and earth as shown in Fig. 26.16(i). The reactor is provided with tap-
pings to change the inductance of the coil. By adjusting the tappings on the coil, the coil can be
tuned with the capacitance of the system i.e. resonant grounding can be achieved.

(i)         (ii)

Fig. 26.16

Fig. 26.15
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Operation.  Fig. 26.16(i) shows the 3-phase system employing Peterson coil grounding. Sup-
pose line to ground fault occurs in the line B at point F. The fault current IF and capacitive currents
IR and IY  will flow as shown in Fig. 26.16(i). Note that IF flows through the Peterson coil (or Arc
suppression coil) to neutral and back through the fault. The total capacitive current IC is the phasor
sum of IR and IY  as shown in phasor diagram in Fig. 26.16(ii). The voltage of the faulty phase is
applied across the arc suppression coil. Therefore, fault current IF lags the faulty phase voltage by
90°. The current IF is in phase opposition to capacitive current IC [See Fig. 26.16(ii)]. By adjusting
the tappings on the Peterson coil, the resultant current in the fault can be reduced. If inductance of
the coil is so adjusted that IL = IC, then resultant current in the fault will be zero.

Value of L for resonant grounding.  For resonant grounding, the system behaves as an un-
grounded neutral system. Therefore, full line voltage appears across capacitors CR and CY .

.
.
. IR = IY =

3 ph

C

V

X

.
.
. IC = 3 IR = 3  × 

3 3ph ph

C C

V V

X X
=

Here, X C is the line to ground capacitive reactance.

Fault current, IF =
ph

L

V

X
Here,  XL is the inductive reactance of the arc suppression coil.

For resonant grounding, IL = IC.

or
ph

L

V

X
=

3 ph

C

V

X

or XL =
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3

or ωL =
1

3 Cω

.
.
. L =

2

1

3 Cω
...(i)

Exp. (i) gives the value of inductance L of the arc suppression coil for resonant grounding.

Advantages.  The Peterson coil grounding has the following advantages:

(i) The Peterson coil is completely effective in preventing any damage by an arcing ground.
(ii) The Peterson coil has the advantages of ungrounded neutral system.

Disadvantages.  The Peterson coil grounding has the following disadvantages :

(i) Due to varying operational conditions, the capacitance of the network changes from time to
time. Therefore, inductance L of Peterson coil requires readjustment.

(ii) The lines should be transposed.

26.12   V26.12   V26.12   V26.12   V26.12   Voltage  Toltage  Toltage  Toltage  Toltage  Transforransforransforransforransformer  Earthingmer  Earthingmer  Earthingmer  Earthingmer  Earthing

In this method of neutral earthing, the primary of a single-phase voltage transformer is connected
between the neutral and the earth as shown in Fig. 26.17. A low resistor in series with a relay is
connected across the secondary of the voltage transformer. The voltage transformer provides a high
reactance in the neutral earthing circuit and operates virtually as an ungrounded neutral system. An
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voltages remain balanced as they would be on a regular 4-wire system. In practice, the single-phase
loads are distributed as evenly as possible between the three phases and neutral so that unbalanced
load current I is relatively small.

The impedance of grounding transformer is quite low. Therefore, when line to earth fault oc-
curs, the fault current will be quite high. The magnitude of fault current is limited by inserting a
resistance (not shown in the figure) in the neutral circuit. Under normal conditions, only iron losses
will be continuously occurring in the grounding transformer. However, in case of fault, the high fault
current will also produce copper losses in the transformer. Since the duration of the fault current is
generally between 30-60 seconds, the copper losses will occur only for a short interval.

SELF - TESTSELF - TESTSELF - TESTSELF - TESTSELF - TEST

1. Fill in the blanks by inserting appropriate words/figures :
(i) When single line to earth fault occurs on an ungrounded neutral system, the voltages of the

healthy phases (other than the faulty phase) rise from their normal phase voltages to ............... .

(ii) When single line to earth fault occurs on an ungrounded neutral system, the capacitive current in
the two healthy phases rises to ................... times the normal value.

(iii) When single line to earth fault occurs on an ungrounded neutral system, the capacitive fault
current becomes ................... times the normal per phase capacitive current.

(iv) In Peterson coil grounding, inductance L of the coil is related to line to earth capacitance C as
...................

(v) When single line to earth fault occurs in solid grounding system, the phase to earth voltage of the
remaining two healthy phases remain at ................... .

2. Pick up the correct words/figures from brackets and fill in the blanks.
(i) The ungrounded neutral system cannot provide adequate protection against earth faults because

the capacitive fault current is ................... (small, very large)

(ii) In Peterson coil grounding, when inductive fault current becomes equal to capacitive current of
the system, then ................... (X C = 3X L;  X L = 3X C)

(iii) In voltage transformer grounding ................... of single phase transformer is connected between
neutral and earth. (secondary, primary)

(iv) In equipment grounding, the enclosure is connected to ................... wire. (ground, neutral)

(v) The ground wire is coloured ................... . (black, green)

Grounded  Transformer
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(vi) The neutral wire is coloured ................... . (black, green)

(vii) In Peterson coil grounding, the inductance of the coil is ................... . (fixed, variable)

(viii) In case of earth fault, the ungrounded neutral system ................. lead to arcing ground.

(does, does not)

(ix) Grounding transformer is used where neutral ................... available. (is, is not)

(x) Most of the faults on an overhead system are ...................faults.(phase to earth, phase to phase)

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

1. (i)  line value (ii) 3 (iii) 3 (iv) L = 
C2

1

3ω
(v) normal phase voltage

2. (i)  small (ii) X C = 3X L (iii) primary (iv) ground (v) green (vi) black (vii) variable
(viii) does (ix) is not (x) phase to earth

CHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICSCHAPTER  REVIEW  TOPICS

1. What do you mean by grounding or earthing? Explain it with an example.

2. Describe ungrounded or isolated neutral system. What are its disadvantages?

3. What do you mean by equipment grounding?

4. Illustrate the need of equipment grounding.

5. What is neutral grounding?

6. What are the advantages of neutral grounding?

7. What is solid grounding? What are its advantages?

8. What are the disadvantages of solid grounding?

9. What is resistance grounding? What are its advantages and disadvantages?

10. Describe Arc suppression coil grounding.

11. What is resonant grounding?

DISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONSDISCUSSION  QUESTIONS

1. Why is ground wire used in equipment grounding?

2. There is 11 kV/230V single phase transformer. One can notice that one of the secondary conductors is
grounded. Why?

3. The H.V. line of a single phase transformer accidently falls on L.V. line. There may be massive flash-
over in a home or factory. Why?

4. In an overhead system, most of the faults are single line to ground. Why?

5. What are the factors causing arching grounds?

6. What is the importance of arc suppression coil grounding?

7. Where do we use grounding transformer?
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