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Oormex. = V2 = Vo =212V.
2max Ty d, 42 T2
“Llog,—2 1®5log, ——
2 e d e 31
V. V.
Oare = D " om 53 2%V
Z2 — a =
2 e d, e 412
Asthe maximum stressin the layersis the same,
O Y1max = Yomax = Yamax
or 228V, = 2:12V,=2.04V,
0 V, = (228/212) V, = 1.075 V,
and V, = (2:28/2:04) V, =1117V,
Now V,+V,+V; =V
or V,+1075V,+ 1117V, = 539
or V, = 53:9/3:192 = 16-88 kV
and V, = 1075V, = 1.075 x 16-88 = 18-14 kV

0 Voltage on first intersheath (i.e., near to the core)
= V-V, =539 -16-88 = 37-02kV
Voltage on second intersheath =V -V, -V, =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 cmand a sheath of inside diameter 5.3 cm. I two intersheaths areintroduced in such a way
that the stress varies between the same maximum and minimum in the three layers, find :

(i) positions of intersheaths
(if) voltage on the intersheaths
(iif) maximum and minimum stress
Solution.

Here, d=2cm; D:5.3cm;v:% = 539KV

(i) Positionsof intersheaths. Supposethat diameters of intersheaths are d, and d, cm respec-
tively. LetV,, V,and V, respectively be the voltage between conductor and intersheath 1, between
intersheath 1 and 2 and between intersheath 2 and outer lead shesth.

\A \/ Vs

U= g ' Y= d 4 0 B~ 4 D
mex 9|ogeﬂ , e ﬁlogeﬁ , o ﬁlogeE
2 7y 2 e d, 2 e,
Asthe maximum stressin the three layersis the same,
M Vo, -\

O

= = ..(i)
dggd %% %, D
2Ioge q 5 Iogeoll 5 Iogeo12

In order that stress may vary between the same maximum and minimum in the three layers, we

have,
d,/d = dyd, =D/d, (i)
VoY%V .
O 4 - d, = d, (1)

*  Thisequation is obtained if we put the values of eq. (ii) in eg. (i).
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From exp. (ii), we get,

d® = dxd,=2d, [~ d=2cm]
or d, = d, 2
and d,d, = Dxd=53x2=10.6cm
or d,xd,¥2 = 106
or d, = (21-2*=276cm
0 d, = d,2=(2-76)°/2=38cm

Hence intersheaths of diameters 2.76 cm and 3.8 cm are required to be used.
(if) Voltage on inter sheaths

V =V, +V,+V,
_ydy S
or 539 = V1+EV1+ Fvl [From eq. (iii)]
- 276 L 38) _
= v, (1+ C +T)_4-28v1
O V, = 53.9/4-28 =126 kV
_ g _ 276 _
and Vv, = q xV, = > x 12.6 = 17-39 kV

Voltage on first intersheath =V -V, =53.9 - 12.6 = 41-3 kV max
Voltage on second intersheath =V -V, -V, =539 - 12:6 - 17-39 = 23:91 kV max
(iif) Stressesin dielectrics

: _ \ _ 12[6 _
Maximumstress = d q = 5176 KV/cm=39kV/ecm
Slog,—* 1XIogET
2 d
\Y/
Minimumstress = —— 4= 12 [62 g kV/em = 28-35kV/em
71IogeH 1038log, =5

TUTORIAL PROBLEMS

1. A 33kV, 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=1.43cm, D=3-88cm]

3. Theinner conductor of a concentric cable has a diameter of 3 cm with insulation of diameter 8-5 cm.
The cableis insulated with two materials having relative permittivities of 5 and 3 with corresponding
safeworking stresses of 38 kV/cm and 26 kV/cm. Calculate theradial thickness of insulating layersand
the safe working voltage of the cable. [2:15cm, 0.6 cm, 46-1 kV (r.m.s)]

4. A single-corelead covered cableisto be designed for 66 kV to earth. Itsconductor diameter is2 cm and
itsthreeinsulating 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. [8-3cm]

5. A single-core 66 kV cable hasaconductor diameter of 2 cm and asheath of inside diameter 5-3 cm. The
cablehasaninner 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.

[63kV/cm, 39-5kV/cm]

6. A single-core cableworking 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. [d,=277cm; d,=3-84cm; 38-7kV/em ; V= 411KV, V,= 23-9kV]
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11.14 Capacitance of 3-Core Cables

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 capacitancesin
a 3-core belted cable used for 3-phase system. Since potentia difference exists between pairs of
conductors and between each conductor and the sheath, electrostatic fields are set up in the cable as
showninFig. 11.18 (i). Theseelectrostatic fields giveriseto core-core capacitances C_ and conduc-
tor-earth capacitances C, as shown in Fig. 11.18 (ii). Thethree C_ are delta connected whereas the
three C, are star connected, the sheath forming the star point [See Fig. 11.18 (iii)].

(i) (iii)
Fig. 11.18

They lay of abelted cable makes it reason-
able to assume equality of each C_ and each C.. .
© C

The three delta connected capacitances C_ [See

©
C eq ©
Fig. 11.19 (i)] can be converted into equivalent C.=3C
star connected capacitancesasshownin Fig. 11.19 ) Nl

(ii). It can be easily *shown that equivalent star- i /\ Ceq=§§o
capacitance C, is equal to three times the delta- Co .
capacitance C 1.e. Co, = 3C,. (@ Fig. 11.19 (i)

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)],

A 1

Ceq Ce Cn=C¢ +3C,
N
Ce C, Cy=C, +3C,
})\Ce Ceé& '/N\: C, +3C, /\
B C B Cc
(@) (it)
Fig. 11.20
*  RefertoFig. 11.19. The capacitance between any two conductors of star and delta connected system must

be the same. 1 1

D CC + = CC = E Ceq

or C, = 3C

eq C
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Cy = Cot Cy
= C,+ 3C,
If Von is the phase voltage, then charging current | . isgiven by ;
e = Von
Capacitive reactance per phase
= 27f Vph Cy

21V, (C,+3C)
11.15 Measurements of C_, and C_

Although core-core capacitance C_ and core-earth capacitance C, can be obtai ned 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 C, leaving the three capacitors C, in parallel. Therefore, if C;
isthe measured capacitance, thistest yields:

C, = 3C,
or C. = S
3

Knowing the value of C,, the value of C, can be determined.

(i) Inthe second measurement, two cores are bunched with the sheath and capacitanceis mea-
sured between them and the third core. Thistest yields 2C_ + C. If C, is the measured
capacitance, then,

C, = 2C,+C,
Asthevalueof C_isknown fromfirst test and C, isfound experminentally, therefore, value
of C, can be determined.

It may be noted herethat if value of C,, (= C,+ 3C,) isdesired, it can befound directly by another
test. In thistest, 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 C, so thet if C; isthe measured capaci-
tance, then,

Cc + & + &
2 2

1
E (Ce + 3Cc)

Cs

1
= =-C
2N

Example11.17. The capacitance per kilometre of a 3-phase belted cableis 0-3 pu 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 apair of coreswith third core earthed for alength of 5kmis
C, = 03x5=15pF
11x10°
=" =6351V; f=50Hz
Asproved in Art 11.15, core to neutral capacitance C,, of this cableis given by :
Cy = 2C;=2x15=3pF
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O  Charging current, le = 2mfV,, Cy
2Tx 50 x 6351 x 3x 10 ° A =5.98 A

Example 11.18. The capacitances of a 3-phase belted cable are 12-6 pF between the three
cores bunched together and the lead sheath and 7-4 puF 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.

_ 66x10°
Here, Von = 5
L et core-core and core-earth capacitances of the cable be C_ and C, respectively. As provedin

Art. 11.15,

=38105V ; f=50Hz; C, =126 uF; C,=7-4uF

C, = 3C,

0 C. = C/3=126/3=42F

and C, = 2C,+C,

0 c,= S =C 742 15,
2 2

0 Coreto neutral capacitanceis
Cy = C,+3C.,=42+3%x16=9uF
Charging current, lc = 2mfV, G
2T% 50 x 38105 x 9 x 107° A= 107-74 A
Example 11.19. The capacitance per kilometre of a 3-phase belted cable is 0-18 puF between

two coreswith thethird core connected to sheath. Calculate the kVA taken by 20 kmlong cable when
connected to 3-phase, 50 Hz, 3300 V supply.

Solution. The capacitance between apair of coreswith third core earthed for alength of 20 kmis
C, = 0:18x20=36 pF, V, =3300/y/3 =1905V; f=50Hz
Coreto neutral capacitance,Cy = 2C;=2%x3-6=7-2 uF

Charging current, lc = 2mfV, G
= 2mx50x1905x 72x 10°A =43 A
kVA taken by the cable = 3Vl =3 %1905 x 4-3 x 1072 KVA = 24-57 kVA

TUTORIAL PROBLEMS

1. The capacitances per kilometre of a 3-phase cable are 0-63 pF between the three cores bunched together
and the sheath and 0-37 pF 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 puF
(if) Between a conductor and the other two connected to the sheath together is 6 pF.
Calculate the capacitance per phase. [23/3 pF]

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 uF 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]

11.16 Current-Carrying Capacity of Underground Cables

The safe current-carrying capacity of an underground cable is determined by the maximum permis-
sibletemperaturerise. The cause of temperatureriseisthelossesthat occur in acable which appear
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asheat. Theselossesare:
(i) Copper losses in the conductors
(if) Hysteresislossesin the dielectric
(iif) Eddy current lossesin the sheath

The safeworking conductor temperature is65°C for armoured cables and 50°C for |ead-sheathed
cableslaidinducts. The maximum steady temperature conditions prevail when the heat generatedin
the cableisequal to the heat dissipated. The heat dissipation of the conductor lossesisby conduction
through theinsulation to the sheath from which thetotal 1osses (including diel ectric and sheath |0sses)
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.

11.17 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 timei.e.
Temperature difference

Heat flowing in a unit time
In Sl units, heat flowing in aunit time is measured in wetts.

Thermal resistance, S =

| Temperature rise (t)

O Thermalresistance, S = \y o icsipated (P)
-t

or SEp

Clearly, the Sl unit of thermal resistanceis°C per watt. Thisisalso called thermal ohm.

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

O s O
a
or S = kl—
a
where k isthe constant of proportionality and is known asthermal resistivity.
Sa
K=
2
O Unitof k = Thermal ohm x m = thermal ohm-metre

m
11.18 Thermal Resistance of Dielectric of a Single-Core Cable
Let us now find the thermal resistance of the dielectric of asingle-core cable.
Let r = radius of the corein metre
r, = insideradius of the sheath in metre
k = thermal resistivity of theinsulation (i.e. dielectric) ‘)

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

dx

271X
O Thermal resistance of the dielectricis Fig. 11.21

ds = kx
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n dx
= k x
S Jr 271X
n
= L 1 dx
2 Jdr X
O S = ZL log, h thermal ohms per metre length of the cable
m r

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

11.19 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 acablelaid 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

metrelength
t = temperature difference (rise) between the conductor and the soil
Neglecting the dielectric and sheath |osses, we have,
Power dissipated = nl1°R

Now Power dissipated = _lomperalure rise
Thermal resistance
t

or ni’rR = —

S
O Permissible current per conductor in given by;

t
nRS

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

Example 11.20. A single-core cableislaid 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 surfaceis not to
exceed 55°C. The electrical resistance of the cableis 110 uQ per metre length.

Solution. Thermal resistance of the dielectric of the cableis

S = %T log, rr—l thermal-ohms per metre length of cable
Here k = 5 thermal ohm-metres; r = 30/2 = 15 mm; r; = 15+ 40 = 55 mm
5 55
O = —log, — =1-03 thermal ohms per metre length
S = 5100 p g

Thermal resistance of soil, S, = 0-45 thermal ohm per metre length (given)
O Total thermal resistance, S =S, + S, = 1-03 + 0-45 = 1-48 thermal ohm per metre length
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- — E——— T —_— = =]

t

Now | =
nRS

Heret=55°C;n=1,R=110x10°Q ; S=148

0 | = % =581 A
1x110x107° x148

11.20 Types 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 afault does
occur, itisdifficult tolocate and repair the fault because conductorsare not visible. Nevertheless, the
following are the faults most likely to occur in underground cables:

(i) Open-circuit fault

(i) Short-circuit fault

(i) Earthfault.

(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 amegger. For this purpose, thethree
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 resistancein its circuit.

(if) Short-circuit fault. When two conductors of a multi-core cable come in electrical contact
with each other duetoinsulation failure, it iscalled ashort-circuit fault. Again, we can seek
the help of amegger to check thisfault. 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 atime.

(i) Earth fault. When the conductor of a cable comes in contact with earth, it is called earth
fault or ground fault. To identify thisfault, oneterminal of the megger is connected to the
conductor and the other terminal connected to earth. If the megger indicateszeroreading, it
meansthe conductor isearthed. The same procedure isrepeated for other conductors of the
cable.

11.21 Loop Tests For Location of Faults in Underground Cables
There are several methods for locating the faults in underground cables. However, two popular
methods known asloop tests are :

(i) Murray loop test

(if) Verley loop test

These simple tests can be used to locate the earth fault or short-circuit fault in underground

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

11.22 Murray Loop Test

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

(i) Earthfault : Fig. 11.22 shows the circuit diagram for locating the earth fault by Murray
loop test. Here AB isthe sound cable and CD isthe faulty cable; the earth fault occuring at point F.
Thefar end D of thefaulty cableisjoined to thefar end B of the sound cable through alow resistance
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- eesea S e —
link. Two variable resistances P and Q arejoined to ends A and C (See Fig. 11.22) respectively and
serve asthe ratio arms of the Wheatstone bridge.

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

Test End Far End
R
Sound Cable BY
Z
Z
Z
Z Low
é Resistance
Faulty Cable DA Connection
% Earth Fault
|
|
Earth path
Fig. 11.22

Notethat P, Q, Rand X arethe four arms of the Wheatstone bridge. TheresistancesP and Q are
varied till the galvanometer indicates zero deflection.

In the balanced position of the bridge, we have,

E _ R
Q X
or E+1 = —R+1
Q X
P+
or Q = R+ X
Q X
If r istheresistance of each cable, then R+ X = 2r.
P+Q _ 2r
a T =X
__Q
or X = P+Q><2r

r

If | isthe length of each cablein metres, then resistance per metre length of cable = I

[0 Distance of fault point from test end is

d:i: Q X2r><|_: Q
r/l P+Q r P+Q

x 2l

Q

= loop length) *
or d 0 x (loop length) *metres

Thusthe position of the fault islocated. Note that resistance of the fault isin 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.

*  Notethat theterm Q/ P+ Q is dimensionless ; being the ratio of resistances.
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(if) 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
resistanceisin the battery circuit and not in the bridge circuit. The bridge in balanced by adjusting
theresistances P and Q. In the balanced position of the bridge :

P R
Q X
or P+Q _ R+X_2r
Q X X
O X = Q X 2r
P+Q
or X = Q (loop length) metres
P+Q
Test End Far End
R
B A
Sound Cable g
Z
Z
Z
Z Low
g Resistance
Faulty Cable DA Connection
Short Circuit
Fault
\.
S Fig. 11.23

Thus the position of the fault is located.

11.23 Varley Loop Test

The Varley loop test is also used to locate earth fault or short-circuit fault in underground cables.
Thistest also employs Wheatstone bridge principle. It differsfrom Murray loop test in that here the
ratio arms P and Q are fixed resistances. Balance is obtained by adjusting the variable resistance S

Test End : Far End
[« R
Sound Cable é
2
z
Z
g Low
z Resistance
7| Connecti
Faulty Cable 2‘ onnection
+«—X <

|

Fig. 11.24 Varley Loop Test (Earth Fault)
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connected to thetest end of thefaulty cable. The connection diagramsfor locating the earth fault and
short-circuit fault by Varley loop test are shown in Figs. 11.24 and 11.25 respectively.

Test End Far End
le R
|«
%
Sound Cable g
2
2
Z
Z Low
g Resistanpe
Z Connection
— X 1<
) Short Circuit
C Fault
K2
yo—1
Faulty Cables

Fig. 11.25 Varley Loop Test (Short Circuit Test)
For earth fault or short-circuit fault, the key K, is first thrown to position 1. The variable
resistance Sis varied till the bridge is balanced for resistance value of S,. Then,

P _ R
Q  X+§
P+Q _ R+X+§
or Q X+5
_ QR+ X)-P§ :
or X = P+Q (D)

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

P _ R+X
Q 5
or (R+X)Q = PS, (i)
From egs. (i) and (ii), we get,
x = P(S-9)
P+Q

Sincethevaluesof P, Q, S, and S, are known, the value of X can be determined.
Loopresistance = R+X = g S

If risthe resistance of the cable per metre length, then,
Distance of fault from thetest endis

X
d = — metres

r

Example 11.21. Murray loop test is performed on a faulty cable 300 mlong. At balance, the
resistance connected to the faulty corewas set at 15 Q and the resistance of theresistor connected to
the sound core was 45 Q. 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

Q
d -—
0 % |loop length

HereQ=15Q; P=45Q; looplength=2 x 300=600 m
15
45+15

Example 11.22. In a test by Murray loop for ground fault on 500 m of cable having a resis-
tance of 1-6 Q/km, the faulty cableislooped with a sound cabl e of the same length and area of cross-
section. Iftheratio of the other two arms of the testing network at balanceis 3 : 1, find the distance
of the fault from the testing end of cables.

Solution.

O d = x 600 =150 m

P+Q

=3 or =4

OlTo

Distance of fault fromtestend is

d = P?Q XIoopIength:% x (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 Q per 1000 m, the faulty cable is looped with a sound cable of the same length but having a
resistance of 2-:25 Q per 1000 m. The resistance of the other two arms of the testing network at
balanceareintheratio 2-75: 1. Calculate the distance of the fault from the testing end of the cable.

Solution. P oo o PXRoosmi1=375
Q Q
Resistance of loop = L 500 + 2025 x 500 = 1625 Q
1000 1000
Resistance of faulty cable from test end upto fault point is
= Q x (loop resistance) = ! x1[625 = 0-433 Q
P+Q 75
Distance of fault point from thetesting end is
= X -0433x1000=433m
1/1000

Example 11.24. Varley loop test is performed to locate an earth fault on a 20 km long cable.
Theresistance per km of the single conductor is20 Q. Theloop is completed with a similar healthy
conductor. At balance, the variable resistance connected to the faulty conductor is200 Q. Thefixed
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

HereP=Q; S=200Q; R+ X =20(20+20) =800 Q
_ Q(800) - Q =200

Q+Q
Theresistanceper km = 20Q

O X =300 Q
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O Distance of fault from test end is
d = l = @: 15 km
20 20

TUTORIAL PROBLEMS

1. TheMurray loop test is used to locate an earth fault on one core of atwo-core cable. The other coreis
used to completetheloop. When the network is bal anced, the resi stance connected to the faulty core has
avalueof 3:2Q. Theother resistance arm hasavalue of 11-8 Q. Thefaultis42-7 m from thetest end.
Find the length of the cable. [200 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 coreis healthy and used to form the loop. At balance, the resistance connected to the faulty core
was4 Q. The other resistance arm hasavaue of 16 Q. 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/lkm of asinglelineis 28 Q. The fixed resistors have resistances of 250 Q each. Thefaultis
calculated to be 7 km from the test end. To what value of resistance was the variable resistor set?

[1848 Q]

SELF - TEST

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

(if) Voltage drop in cable system is less than that of equivalent overhead line because of ................ of
conductorsin acable.

(i) A metallic sheath is provided over the insulation to protect the cable from .................... .
(iv) Insingle-core cables, armouring is not done in order to avoid ...................

(v) Themost commonly used insulation in high-voltage cablesis.............

(vi) Belted cables are generally used Upto ........cccceeveeeee kV.

(vii) Theworking voltagelevel of belted cableislimited to 22 kV because of the.................. set upinthe
dielectric.

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

(ix) If thelength of a cable increases, itsinsulation resistance ................ .
(x) Under operating conditions, the maximum stressin acableisat .................
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]
(i) If thelength of a cableis 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 cableis.................. [doubled, halved]

(iv) Theminimum dielectric stressin acableisat .................. [conductor surface, lead sheath]

(v) If acable 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) Incapacitance grading of cables, weusea............... dielectric. [homogeneous, composite]
(vii) For the same safe potential, the size of agraded cable will be.......... [less, more]
(viii) For operating voltages beyond 66 KV, ............ccc.... cablesare used. [Belted, SL. type, oil-filled]
(ix) Voidsin the layers of impregnated paper insualtion ................. the breakdown voltage of the cable.
[increase, decrease]

(x) For voltages beyond 66 kV, 3-phase system usualy employs..................
[3-core cable, 3 single core cables)
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ANSWERS TO SELF-TEST
1. (i) more (ii) closer spacing (iii) moisture (iv) excessive sheathlosses (v) impregnated paper (vi) 11
(vii) tangential stresses (viii) presence of voids (ix) decreases (x) conductor surface

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

CHAPTER REVIEW TOPICS

Compare the merits and demerits of underground system versus overhead system.
With aneat diagram, show the various parts of a high voltage single-core cable.
What should be the desirable characteristics of insulating materials used in cables ?
Describe briefly some commonly used insulating materials for cables.
What isthe 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 aneat sketch of the cross-section of the following :
(i) 3-corebelted cable
(if) H-typecable
(iii) S.L.typecable
What are the limitations of solid type cables ? How are these overcomein pressure cables ?
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 asingle-core cableis
2V
dlog, D/d
where V isthe operating voltage and d and D are the conductor and sheath diameter.
13. Provethat g,,,,,/0,,, in @single-core cableis 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
(if) Intersheath grading
16. Write short notes on the following :
(i) Laying of 11 kV underground power cable
(if) Capacitance grading in cables
(iii) Capacitance of 3-core belted cables
17. Derive an expression for the thermal resistance of dielectric of asingle-core cable.
18. What do you mean by permissible current loading of an underground cable ?
19. With aneat 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.

ok wbdE
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DISCUSSION QUESTIONS

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

Why are VIR cables preferred to paper insulated cables for smaller installations ?

Why do we use 3 single-core cables and not 3-core cables for voltages beyond 66 kV ?

What is the mechanism of breakdown of an underground cable ?

How do voids in the insulation cause breakdown of the cable ?

o~ wDd
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Introduction

he electrical energy produced at the gen
erating station is conveyed to the consum

ersthrough anetwork of transmission and
distribution systems. Itisoften difficult to draw
aline between the transmission and distribution
systemsof alarge power system. Itisimpossible
to distinguish the two merely by their voltage
because what was considered asahigh voltagea
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
consumersfor utilisation.

Thetransmission and distribution systemsare
similar to man’s circulatory system. The trans-
mission system may be compared with arteriesin
the human body and distribution system with cap-
illaries. They servethe same purpose of supply-
ing the ultimate consumer in the city withthelife-
giving blood of civilisation—€lectricity. In this
chapter, we shall confine our attention to the gen-
eral introduction to distribution system.

12.1 Distribution System

That part of power systemwhich distributeselec-
tric power for local useisknown as distribution
system.

300



Distribution Systems-General 301

= - = = - I — — e e

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, distributorsand the
service mains. Fig. 12.1 showsthe single line diagram of atypical low tension distribution system.

(i) Feeders. A feeder is aconductor which connects the sub-station (or localised generating
station) to the areawhere power isto 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 afeeder is
the current carrying capacity.

(if) Distributor. A distributor is a conductor from which tappings are taken for supply to the
consumers. InFig. 12.1, AB, BC, CD and DA arethedistributors. The current through adistributor
is not constant because tappings are taken at various places along its length. While designing a
distributor, voltage drop along itslength isthe main consideration since the statutory limit of voltage
variationsis = 6% of rated value at the consumers' terminals.

(iif) Servicemains. A servicemainsisgeneraly asmall cable which connectsthe distributor to
the consumers’ terminals.

12.2 Classification of Distribution Systems

A distribution system may be classified according to ;

(i) Natureof current. According to nature of current, distribution system may be classified as
(@) d.c. distribution system (b) a.c. distribution system.
Now-a-days, a.c. system is universally adopted for distri- N B
bution of electric power asit issimpler and more economi-
cal than direct current method.

(if) Type of construction. According to type of construction,
distribution system may be classified as (a) overhead sys- Feeder .~ Feeder
tem (b) underground system. The overhead systemisgen- © S A
erally employedfor distribution asitis5to 10 times cheaper
than the equivalent underground system. In general, the o
underground system isused at places where overhead con- &"%
struction isimpracticable or prohibited by the local laws. 2

%,
(iif) Scheme of connection. According to scheme of connec- % P

tion, the distribution system may be classified as (a) radial )

system (b) ring main system (c) inter-connected system. Fig. 12.1

Each scheme hasits own advantages and disadvantages and those are discussed in Art.12.7.

12.3 A.C. Distribution

Now-a-dayselectrical energy isgenerated, 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 isthe 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 utiliseit at
asafe 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 isthe electrical system between the step-
down substation fed by the transmission system and the consumers’ meters. The a.c. distribution
systemisclassified into (i) primary distribution system and (ii) secondary distribution system.

(i) Primary digribution sysem. 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.
¢— Primary distribution———»

I yam—
: BEH EH
: Sub-station
|
|
1
3-Phase /—\ :
3-Wire (g 11KV
|
33 kV m :
Sub-station |
33/11kV : —\
: BEH BH B Bd
| L] L]
- L
L =
1 Big consumers Sub-station
(Factory)
Fig. 12.2

Fig. 12.2 showsatypical primary distribution system. Electric power from the generating station
istransmitted 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 thisvoltage. Thisformsthe high voltage distribu-
tion or primary distribution.

(if) Secondary distribution system. Itisthat part of a.c. distribution system which includesthe

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 atypical 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
voltageis stepped downto 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. Thesingle phase domestic
loads are connected between
any one phase and the neutral,
whereas 3-phase 400 V motor
loads are connected across 3-
phaselines directly.

Power transformer
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12.4 D.C. Distribution

It isacommon knowledge that electric power is almost exclusively generated, transmitted and dis-
tributed asa.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. Thed.c. supply from the substa-
tion may be obtained in the form of (i) 2-wire or (ii) 3-wire for distribution.

(i) 2-wired.c. system. Asthe nameimplies, this system of distribution consists of two wires.
One isthe outgoing or positive wire and the other is the return or negative wire. The loads such as
lamps, motorsetc. are connected in parallel between thetwowiresasshowninFig. 12.4. Thissystem
isnever used for transmission purposes dueto low efficiency but may be employed for distribution of

d.c. power.
+ + * 4 4 T
\'
v ¢ Neutral C% oV
4+ wire -
\Y%
) 1

Fig. 12.4 Fig. 12.5
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(if) 3-wired.c. system. It consistsof two outersand amiddle or neutral wirewhichisearthed 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.

12.5 Methods of Obtaining 3-wire 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 G, and G, are
connected in series and the neutral is obtained from the common point between generators
asshowninFig. 12.6 (i). Each generator suppliestheload onitsown side. Thus generator
G, supplies aload current of 1,, whereas generator G, supplies aload current of 1,. The
difference of load currents on the two sides, known as out of balance current (1, — 1) flows

through the neutral wire. The principal disadvantage of this method is that two separate
generators are required.

\ Aw

+
.|
|

|||||—
A
N
<

A~
N
|A

A

(i) , (ii)
Fig. 12.6

(if) 3-wired.c. generator. The above method is costly on account of the necessity of two gen-

erators. For this reason, 3-wire d.c.

. Ve Outer
generator was developed as shown in WA *

A
Fig. 12.6 (ii). It consistsof astandard T
2-wire machine with one or two coils "
of high reactance and low resistance, +

connected permanently to diametri-
cally opposite points of the armature | G
winding. Theneutral wireisobtained

Neutral

2
.||||_

from the common point as shown. e v
(iif) Balancer set. The 3-wire system can l

be obtained from 2-wired.c. system by v :

theuse of balancer set asshownin Fig. —-Ve  Outer

12.7. G isthe main 2-wire d.c. gen- Fig. 12.7
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erator and supplies power to thewhole system. The balancer set consists of two identical d.c
shunt machines A and B coupled mechanically with their armatures and field windingsjoined
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 ontwo sides of neutral equal to each other. Thismethod isdiscussedin
detail in the next chapter.

12.6 Overhead Versus Underground 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 transformersin 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.

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

(i) Flexibility. Theoverhead systemismuch moreflexiblethan the underground system. Inthe
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 changesin 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. Thegeneral appearance of an underground system is better asall the distribu-
tion lines are invisible. This factor is exerting considerable public pressure on electric
supply companiesto switch over to underground system.

(vi) Fault location and repairs. In general, there are little chances of faultsin an underground
system. However, if afault doesoccur, it isdifficult 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
samematerial 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 |ess chances of faultsand serviceinterruptionsfrom
wind, ice, lightning aswell as from traffic hazards.

(x) Interference with communication circuits. Anoverhead 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-
ablelevel. 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) isthe most powerful factor
influencing the choice between underground and overhead system. Thegreater capital cost of under-
ground system prohibitsits 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 isimpracticable or prohibited by local laws.

12.7 Connection 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) showsasingleline diagram of aradia system
for d.c. distribution where afeeder OC suppliesadistributor AB at point A. Obviously, the
distributor isfed at oneend only i.e., point A isthiscase. Fig. 12.8 (ii) showsasingleline
diagram of radial system for a.c. distribution. The radial system is employed only when
power is generated at low voltage and the substation islocated at the centre of the load.

Feeder Distributor Feeder Distributor
B B
L
oads Loads
11kV/400V, 230 V

s | " WW
station |O A C station |O A C

Feeder Feeder
Feeder Feeder

0 (it)
Fig. 12.8

Thisisthe simplest distribution circuit and has the lowest initial cost. However, it suffersfrom
thefollowing drawbacks:

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

(b) Theconsumers are dependent on asingle feeder and single distributor. Therefore, any fault
onthefeeder or distributor cuts off supply to the consumerswho 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.

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

(if) 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 returnsto 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.
Thedistributors 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) Therearelessvoltage fluctuations at consumer’sterminals.

(b) Thesystemisvery reliable as each distributor isfed 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
al the consumersvia the feeder SRQPONM.

Distributo Loads

. F A/va "
¥ M

Distributor

Sub- S Primary 0

station Ring
Loads

Q

N

Distribution

Transformer

Distributor Loads

Fig. 12.9

(iif) Interconnected system. When the feeder ring is energised by two or more than two gener-
ating stationsor substations, it iscalled inter-connected system. Fig. 12.10 showsthesingle
line diagram of interconnected system where the closed feeder ring ABCD is supplied by
two substations S; and S, at points D and C respectively. Distributors are connected to

Distributor Loads

Hm

D C
Distributor Distributor
Q § %
) O <
Loads
R
A B
Distribution
Transformer
Distributor Loads
Fig. 12.10

*  Thusthe 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 hasthe following advantages:

(a) Itincreasesthe servicereliability.

(b) Any areafed 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.

i’

12.8 Requirements 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 causeslamps
to burn out permanently and may causefailure of other appliances. Therefore, agood distri-
bution system should ensure that the voltage variations at consumers terminals are within
permissiblelimits. The statutory limit of voltage variationsis+ 6% of therated value at the
consumer’sterminals. Thus, if the declared voltageis 230 V, then the highest voltage of the
consumer should not exceed 244 V while the lowest voltage of the consumer should not be
lessthan 216 V.

(if) Availability of power on demand. Power must be available to the consumersin any amount
that they may require from timeto time. For example, motors may be started or shut down,
lights may beturned 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 patternsto predict in advance those major load changesthat follow the
known schedules.

(iif) Rédiability. Modernindustry isalmost dependent on electric power for itsoperation. Homes
and office buildings are lighted, heated, cooled and ventilated by electric power. Thiscalls
for reliable service. Unfortunately, electric power, like everything else that is man-made,
can never be absolutely reliable. However, thereliability can beimproved to aconsiderable
extent by (@) interconnected system (b) reliable automatic control system (c) providing ad-
ditional reservefacilities.

12.9 Design Considerations in Distribution System

Good voltage regulation of adistribution 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 isdesigned 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.

(if) Distributors. A distributor is designed from the point of view of thevoltagedropinit. Itis
because a distributor supplies power to the consumers and thereis a statutory limit of volt-
age variations at the consumer’sterminals (+ 6% of rated value). The size and length of the
distributor should be such that voltage at the consumer’sterminalsiswithin the permissible
limits.
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SELF - TEST
1. Fill in the blanks by inserting appropriate wordsfigures.
(i) Theunderground system has............. initial cost than the overhead system.
(if) A ring main system of distribution is.............. reliable than the radial system.
(ili) Thedistribution transformer links the primary and ............. distribution systems
(iv)  The most common system for secondary distributioniis............. 3-phasg, ............. wire system.
(v) The statutory limit for voltage variations at the consumer’sterminalsis............. % of rated value.
(vi) The service mains connect the ............. andthe............
(vii) Theoverhead systemis............. flexible than underground system.

2. Fill in the blanks by picking up correct words/figures from brackets.
(i) Themain consideration in the design of afeeder isthe..............
(current carrying capacity, voltage drop)

(if) A 3-wired.c. distribution makes available ............. voltages. (one, two, three)
(i) Now-a-days ............. system is used for distribution. (a c dc)
(iv) Theinterconnected system ............. the reserve capacity of the systems. (increases, decreases)

(v) Themajor part of investment on secondary distribution ismade on .............
(Distribution transformers, conductors, pole fittings)
(vi) The chances of faultsin underground system are.............. as compared to overhead system.

(less, more)

ANSWERS TO SELF-TEST
1. (i) more (ii) more (iii) secondary (iv) 400/230V, 4 (v) =6 (vi) distributor, consumer terminals
(vii) more
2. (i) current carrying capacity (ii) two (iii) ac. (iv)increases (v) distribution transformers (vi) less

CHAPTER REVIEW TOPICS

What do you understand by distribution system ?
Draw asingle line diagram showing atypical distribution system.
Define and explain the terms : feeder, distributor and service mains.
Discuss the relative merits and demerits of underground and overhead systems.
Explain the following systems of distribution :
(i) Radia system
(if) Ring main system
(iii) Interconnected system
6. Discuss briefly the design considerations in distribution system.
With aneat diagram, explain the complete a.c. system for distribution of electrical energy.
8. Write short notes on the following :
(i) Distribution transformers
(i) 3-wired.c. distribution
(iii) Primary distribution

o wdPE
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DISCUSSION QUESTIONS

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

2. Itissuggested that since distribution transformer links the primary and utilisation voltage, secondary

system isnot essential. Isit afeasible proposition ?

What are the situations where the cost of underground system becomes comparable to overhead system 7

4. What are the effects of high primary voltage on the distribution system ?

w
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Introduction
n the beginning of the electrical age,
I electricity was generated asadirect current
and voltageswerelow. Theresistancelosses
inthelinesmadeit impracticableto transmit and
distribute power for morethan afew localities of
thecity. Withthe development of thetransformer,
a.c. hastaken over theload 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. Thishasgreatly 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 arerectifiers, rotary convertersand
motor-generator sets. The d.c. supply from the
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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.

13.1 Types of D.C. Distributors

The most general method of classifying d.c. distributorsis the way they are fed by the feeders. On
thisbasis, d.c. distributors are classified as:
(i) Distributor fed at one end
(if)  Distributor fed at both ends
(iii)  Distributor fed at the centre
(iv)  Ringdistributor.
(i) Didributor fed at one end. In this
type of feeding, thedistributor iscon- g Iholk C L+ D 1, E B
nected to the supply at one end and
loads are taken at different points
aong the length of the distributor.
Fig. 13.1 shows the single line dia- Ii; I, I
gram of ad.c. distributor AB fed at
theend A (also known assingly fed
distributor) and loads I, |, and | ; tapped off at points C, D and E respectively.

Thefollowing points are worth noting in asingly fed distributor :

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

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

(c) Incaseafault occurson any section of the distributor, the whole distributor will have to be
disconnected from the supply mains. Therefore, continuity of supply isinterrupted.

(i)  Digributor 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 A c D E B
length of the distributor. The voltage at
the feeding points may or may not be
equal. Fig. 13.2 showsadistributor AB
fedat theends A and B and loadsof |, I, I, I, I,
and | tapped off at points C, D and E
respectively. Here, theload 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. Theminimum voltage occurs at someload point and isnever fixed. It isshifted with the
variation of load on different sections of the distributor.

Advantages
(a) If afault occurs on any feeding point of the distributor, the continuity of supply is main-
tained from the other feeding point.
(b)  Incaseof fault on any section of the distributor, the continuity of supply is maintained from
the other feeding point.

Fig. 13.1

Fig. 13.2
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(c) Theareaof X-section required for adoubly fed distributor is much less than that of asingly
fed distributor.

(iif)y  Didgributor fed at the centre. In this type of feeding, the centre of the distributor is con-

nected to the supply mainsasshownin Fig. 13.3. Itisequivalent to two singly fed distribu-

tors, each distributor having a common feeding point and length equal to half of the total

length.

L

Distributor ring

I A A B Feeder

Fig. 133 Fig. 13.4

(iv)  Ringmains. Inthistype, thedistributor isin theform of aclosed ring asshownin 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 aclosed ring. Thedistributor ring may befed at one or more
than one point.

13.2 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.

D.C. Load

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.
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In d.c. distribution calculations, one important point of interest is the determination of point of
minimum potential on thedistributor. The point whereit occurs depends upon theloading conditions
and the method of feeding the distributor. The distributor is so designed that the minimum potential
on itis not less than 6% of rated voltage at the consumer’sterminals. In the next sections, we shall
discuss some important cases of d.c. distributors separately.

13.3 D.C. Distributor Fed at one End —Concentrated Loading

Fig. 13.5 shows the single line diagram of a 2-wire d.c. distributor AB fed at one end A and having
concentrated loads 1, 1, 1, and |, tapped off at points C, D, E and F respectively.

A

C D E F B

/rl

Fig. 13.5

Letr,,r, ryandr, bethe resistances of both wires (go and return) of the sections AC, CD, DE
and EF of the distributor respectively.

Current fed from point A
Currentinsection AC
Current in section CD
Current in section DE
Current in section EF
Voltagedropin section AC
Voltage drop in section CD
Voltage drop in section DE
Voltage drop in section EF

L+, +1+1,

= L+l +l+],

= lLtlytl,

l3+1,

|4
g+ +1+1)

r,(,+13+1,)

=rg(l;+1,)

=1l

O Total voltage drop in the distributor

=r (g tl) (g +1) +ry(l3+1) +r,l,

Itiseasy to seethat the minimum potential will occur at point Fwhichisfarthest from thefeeding

pointA.

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 Q per 1000 m. Calculate the p.d. at each load point if a p.d. of

300 V ismaintained at point A.

Solution. Fig. 13.6 showsthe single line diagram of the distributor with its tapped currents.
Resistance per 1000 m of distributor =2 x 0-01 = 0-02 Q

Resistance of section AC, R,
Resistance of sectionCD, R
Resistance of sectionDE, R
Resistance of section EB, Rgg

0-02 x 500/2000 = 0-01 Q
0-02 x 500/1000 = 0-01 Q
0-02 x 600/12000 = 0-012 Q
0-02 x 400/1000 = 0-008 Q

Referring to Fig. 13.6, the currentsin the various sections of the distributor are :

les =50A ;
lep = 250 + 150 = 400 A

| oe = 50 + 200 = 250 A
I, = 400 + 100 = 500 A
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A 500A C 400A D 250A E 50A B

Va =300V 100 A 150 A 200A  50A
Fig. 13.6
P.D. at load point C, V. = Voltageat A - Voltagedropin AC
= Va~lacRac
= 300-500 x 0-01 =295V
PD. at load point D, Vp = Ve—lep Rep
= 295-400x 0-01 =291V
PD. at load point E, Ve = Vp—Ipe Ry
= 291 -250x 0-012=288V
PD. at load point B, Vg = Ve—IlggRes

= 288 -50 x 0-008 = 287-6 V
Example13.2. A2-wired.c. distributor AB is300 metreslong. Itisfed at point A. Thevarious
loads and their positions are given below :

At point distancefrom concentrated load
Ainmetres in amperes
@ 40 30
D 100 40
E 150 100
F 250 50

If the maximum permissible voltage drop is hot to exceed 10 V, find the cross-sectional area of
the distributor. Takep = 1.78 x 10 Qm.

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

Ryc=04rQ ; Rp=06rQ ; Rye=05rQ ; Re=rQ

A 220AC 190A D 150A E 50 A F B

30A 40 A 100 A 50 A
Fig. 13.7
Referring to Fig. 13.7, the currentsin the various sections of the distributor are :
lh\c=220A ; 1 =190A ; Ipe=150A ; I=50A
Tota voltage drop over the distributor
= lac Rac* lco Rop +1pe Roe * e Rer
220 x 0-4r + 190 x 0-6r + 150 x 0-5r + 50 x r
327 r
Asthe maximum permissible drop in the distributor is 10 V,
O 10 = 327r
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or r = 10/327 = 0-03058 Q
, _*pl _178x10° x100 _ 6 2 5
X-sectional area of conductor = /2. 003088 - 1164 x 10 "m” =1-164 cm
2

Example13.3. Twotramcars(A & B) 2 kmand 6 kmaway from a sub-station return 40 A and
20 A respectively to therails. The sub-station voltageis600 V d.c. Theresistance of trolley wireis
0-25 Q/km and that of track is 0-03 Q/km. Calculate the voltage across each tram car.

Solution. Thetram car operates on d.c. supply. The positive wireis placed overhead while the
rail track acts asthe negative wire. Fig. 13.8 showsthe single line diagram of the arrangement.

|<—2km —>|<74km 41

600V 60 A 20 A
Sub-station A » B
S
40 A 20 A
Fig. 13.8

Resistance of trolley wire and track/km
025+003=028Q
40+20=60A

20A
60x028x2=336V
20 x 028 x 4 =224V

Currentinsection SA
Currentin section AB
Voltagedrop in section SA
Voltagedrop in section AB

O Voltage acrosstram A 600 — 33:6 = 566-4 V
Voltage acrosstram B 566-4 — 224 =544V

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 is0-27 cm’. Theend Aissupplied at 250 V. Resistivity of the
wireisp = 1.78 u Q 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.

A 75 m B 100 m 50 m

/250v

» O

>tE—90

12A 15

Fig. 13.9
Solution.
(i) Currentsinthe various sections are:
SectionCD, I, = 20A ; sectionBC, I5 =20+ 15=35A
SectionAB, I, = 20+ 15+12=47A
(if) Single-core resistance of the section of 100 m length
100 x 100

= ploy 6, 100x100 _
= P =178x10°x = == =0066Q

* Note that resistance of each conductor of | = 100 misr/2.
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The resistances of the various sections are :
Ry = 0:066 x 0-75% 2=10-099 Q ; Rg = 0-066 x 2= 0-132 Q
Rp = 0:066 x 0:5x 2 =0:066 Q
(i) Voltage at tapping point B is
Vg = V,—lag Rag=250-47x 0099 = 245-35V
Voltage at tapping point Cis
Ve = Vg —lgc Ry =245-35-35%0-132 = 240-73 V
Voltage at tapping point D is
Vp = Vo= lep Rep = 240-73 — 20 x 0-066 = 239:41 V

TUTORIAL PROBLEMS

1. What should be the minimum cross-sectional area of each conductor in atwo-core cable 100 m long to
limit thetotal voltage drop to 4% of the declared voltage of 250V when the conductors carry 60A ? The
resistivity of the conductor is 2:845 pQ cm. [0-34 cm?]

2. A 2-wired.c. distributor, 500 mlong isfed at one of itsends. The cross-sectional area of each conductor
is 3-4 cm?” and the resistivity of copper is 1.7 uQcm. 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 terminusisto be 230 V. [241V]
3. A 2-wired.c. distributor AB 500 metres long isfed from point A and isloaded as under :

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

Load (amperes) 20 40 40 50

I the specific resistance of copper is 1.7 x 10™° Qm, what must be the cross-section of each wirein order

that the voltage drop in the distributor shall not exceed 10 volts ? [1:734 cm?]

4. A 2-wired.c. distributor is250 m long. Itisto beloaded asshownin Fig 13.10 at 50 mintervals. If the
maximum voltage drop is not to exceed 10V and the resistivity of core material is0-7 x 2:-54 pQ cm,

determine the maximum cross-sectional area of each conductor. [1-602 cm?]
Supply
End —>
120 A 90 A 60 A 50 A 80 A
Fig. 13.10

13.4 Uniformly Loaded Distributor Fed at One End

Fig 13.11 shows the single line diagram of a2-wire d.c. distributor AB 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 isi amperes. Let| metres be the length of the distributor and r ohm be the resistance per
metre run.

AT T e B
i i i i
Fig. 13.11 Fig. 13.12

Consider apoint C on the distributor at a distance x metresfrom the feeding point A asshownin
Fig. 13.12. Then current at point Cis
= il -ixamperes=i (I — x) amperes
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Now, consider a small length dx near point C. Itsresistanceisr dx and the voltage drop over
length dxis

dv = i(l-x)rdx=ir (I —x)dx
Total voltage drop in the distributor upto point Cis

v = jira-x)dx:ir(lx-x_;j

0
Thevoltage drop upto point B (i.e. over the whole distributor) can be obtained by putting x=11in
the above expression.

0 Voltage drop over the distributor AB

o)

$irlP=1GN(r

IR

where il I, the total current entering at point A
rl = R thetotal 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 singlewire is 0-3 Q/km. If the distributor isfed at one end, calculate :

(i) thevoltage drop upto a distance of 150 m from the feeding point
(if) the maximum voltage drop
Solution.
Current loading, i = 2A/m
Resistance of distributor per metre run,
r = 2x0-3/1000 = 0-0006 Q
Length of distributor, | = 200m
(i) Voltage drop upto a distance x metres from feeding point

2
=ir (| X - X?) [See Art. 13-4]
Here, X = 150m
0 Desredvoltagedrop = 2 x 0-0006 (200 X150 — wj =225V

(if) Total current entering the distributor,
I = ix]1=2x200=400A
Total resistance of the distributor,
R = r x1=0:0006 x 200=0-12Q
[0 Total drop over the distributor
1 1

= EIR:E x400x0-12=24V

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 10V, find the
cross-sectional area of the distributor conductor. Take p= 1.7 x 10° Q cm.
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Solution.

Current entering the distributor, I = ix|1=04x500=200A

Max. permissible voltage drop =10V

Let r ohm be the resistance per metre length of the distributor (both wires).

Max. voltage drop = 3 IR

or 10 =231rl [ R=rl]
2x10 _ 2x10 _3

or Y —200x500:0-2><10 Q

O Areaof cross-section of the distributor conductor is
pl 17 x107° x100° x2
&% v27 omx107
Example13.7. A250m, 2-wired.c. distributor fed fromone end isloaded uniformly at therate

of 1.6 A/metre. Theresistance of each conductor is0-0002 Q 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

Current entering the distributor, I

Resistance of the distributor per metre run

r = 2x0-0002=0:0004 Q
Total resistance of distributor, R = rx[=00004%x250=01Q
(i) Voltage drop over the entire distributor
1

-1 521 1=
=5 IR—2><400><01—20V

O Voltageat feedingpoint = 250+20=270V
(if) Voltage drop upto adistance of x metres from feeding point

i)

Herex = 1/2=250/2=125m

=1.7cm?

1.6A/m
i x1=16x%250=400A

(125
O Voltagedrop = 1.6 x 0-0004 | 250 X125 - > |=15V

O Voltageat feedingpoint = 250+ 15=265V

Example 13.8. Derive an expression for the power lossin a uniformly loaded distributor fed at
one end. le 1 N

Solution. Fig. 13.13 showsthe single line diagram of a ! !

(03
. . . As
2-wire d.c. distributor AB fed at end A and loaded uniformly /(
with i amperes per metre length. X drfe—

Let | = length of the distributor in metres Fig. 13.13
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.

O Currentindx = il—-ix=i(l-X)

B

*  Because we have assumed that r ohm is the resistance of 1m (= 100 cm) length of the distributor.
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(current in length dx)2 x Resistance of length dx
i (I = %)% x r dx
Total power loss P in the whole distri butor is

Power lossin length dx

P = J[I —x] rdx = J ( +X —ZIX)rdx
| I
:|2rj + X —2|XdX—II’|:|2X+X—33—L;2j|
O O
= |:|3+—— i|:i2>(£
3
_ i?r3
a P = 3

Example 13.9. Calculate the voltage at a distance of 200 m of a 300 m long distributor uni-
formly loaded at therate of 0.75 A per metre. Thedistributor isfed at oneend at 250 V. Theresistance
of the distributor (go and return) per metreis 0-00018 Q. Also find the power loss in the distributor.

Solution.

Voltage drop at a distance x from supply end

Herei =0-75A/m; | =300 m ; x =200 m; r = 0-00018 Q/m

(200)

5 }=5.4V

O Voltagedrop = 0-75 x 0-00018 {300 x 200 -

Voltage at a distance of 200 m from supply end
= 250-54=2446V
Power lossin the distributor is
2r1® _ (0075)* x 00018 x (300)°

i — —_
P=—% = 3 =911:25 W

TUTORIAL PROBLEMS

1. A 2-wired.c. distributor 500 m long isloaded 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 as1.7 x 10 °Qm.  [3-4cm?]

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 aloop resistance of 2 x 10°0Q per metre. [2.4V]

3. A 250m, 2-wired.c. distributor fed from one end isloaded uniformly at the rate of 0-8 A per metre. The
resistance of each conductor is0-0002 Q per metre. Find the necessary voltage at the feeding point to
maintain 250 V at the far end of the distributor. [260 V]

13.5 Distributor Fed at Both Ends — Concentrated Loading

Whenever possible, it is desirable that along distributor should be fed at both endsinstead of at one
end only, sincetotal 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 endsfed with equal voltages. Consider a distributor AB fed at both ends with equal
voltages V volts and having concentrated loads 1, I, 15, 1,and I, at pointsC, D, E, Fand G
respectively asshown in Fig. 13.14. Aswe 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 startsrising and becomes V volts as we reach the other feeding point B.

A C D E F G B
|

Fig. 13.14

All the currents tapped off between points A and E (minimum p.d. point) will be supplied from
thefeeding point A whilethose tapped off between B and E will be supplied from thefeeding point B.
The current tapped off at point E itself will be partly supplied from A and partly from B. If these
currentsare 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.
Thereisasimple method for it. Consider adistributor AB having three concentrated loads |, 1, and
I at points C, D and E respectively. Suppose that current supplied by feeding end A isl,. Then
current distribution in the various sections of the distributor can be worked out asshownin Fig. 13.15
(i). Thus

= las lep

_IA_Il

e = o=l 1y leg = o= 11113
A C D E B A C D E B
Ia
v Il IZ I3 v v Il I2 I3 v
(@) (i)
Fig. 13.15

Voltage drop between A and B = Voltage drop over AB

or V=V = I,Rc+(a=1)Rp+(Ua—1,= 1) Rog+ (=1, = 1,= 1) R

From this equation, theunknown | , can be calculated asthe values of other quantities are gener-
aly given. Suppose actual directions of currents in the various sections of the distributor are indi-

cated asshownin Fig. 13.15 (ii). Theload point wherethe currents are coming from both sides of the
distributor isthe point of minimum potential i.e. point E in this case

(if) Twoendsfed with unequal voltages. Fig. 13.16 shows the distributor A B fed with unequal
voltages; end A being fed at V, voltsand end B at V,, volts. The point of minimum potential
can be found by following the same procedure as discussed above. Thusin this case,

Voltage drop between A and B = Voltagedrop over AB
or V,-V, = Voltagedropover AB
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2 v,

Fig. 13.16

Example 13.10. A 2-wire d.c. street mains AB, 600 m long is fed from both ends at 220 V.
Loadsof 20 A, 40 A, 50 A and 30 A aretapped at distances of 100m, 250m, 400mand 500 mfromthe
end A respectively. If the area of X-section of distributor conductor is 1en, find the minimum
consumer voltage. Takep =17 x 10 ° Q cm.

Solution. Fig. 13.17 shows the distributor with its tapped currents. Let |, amperes be the
current supplied from the feeding end A. Then currentsin the various sections of the distributor are
as shownin Fig. 13.17.

A

I, C I,-20 D 1,-60 E 1,-110 F 1,-140 B

20A 40 A 50 A 30A

Fig. 13.17
Resistance of 1 m length of distributor

L 1T x 107 x100

=34x10%Q
1 3 0

=2

Resistance of sectionAC, R, = (34 x 10'4) x100=0-034 Q

Resistance of section CD, R, =
Resistance of section DE, R, =

Resistance of section EF, R,
Resistance of section FB, R-g

(34 x 107% x 150 = 0-051 Q
(34 x 107% x 150 = 0-051 Q
= (34x10 % x 100 = 0034 Q
= (34x10 % x 100 = 0034 Q

Voltageat B = Voltageat A — Drop over lengthAB

or Vg = V= [ly Rya+ (I, = 20) Ry + (1, — 60) Ry
+ (I, — 110) Ree + (I, — 140) Re]
or 220 = 220-[0:0341, + 0051 (I, — 20) + 0-051 (I , - 60)

+0-034 (1, — 110) + 0-034 (1, — 140)]
= 220-[0-2041, — 12:58]

or 0-2041, = 12.58

O I, = 12:58/0:204 =617 A

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

00  Minimum consumer voltage,

VE = VA - [IAC RAC+ ICD RCD + IDE RDE]
* Knowing the value of 1, current in any section can be determined. Thus,
Currentin section CD, I, = 1,-20=61.7-20=417A fromCtoD

Current in section EF, I = 1, -110=61-7-110=-48-3AfromEtoF
= 483AfromFtoE
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20A

40A 50 A 30 A

Fig. 13.18

220 - [61-7 x 0-034 + 41.7 x 0-051 + 1.7 x 0-051]
220 - 4-31 = 21569 V

Example 13.11. A 2-wire d.c. distributor AB is fed from both ends. At feeding point A, the
voltageismaintained asat 230 V and at B 235 V. Thetotal length of the distributor is200 metresand

loads are tapped off as under :
25 A at 50 metresfrom A ;
30 Aat 100 metresfromA ;

50 A at 75 metresfrom A
40 A at 150 metresfrom A

Theresistance per kilometre of one conductor is0-3 Q. Calculate:
(i) currentsin various sections of the distributor
(if) minimum voltage and the point at which it occurs

Solution. Fig. 13.19 showsthe distributor with itstapped currents. Let |, anperesbethe current
supplied from the feeding point A. Then currents in the various sections of the distributor are as

shownin Fig 13.19.

A L, C I,-25 D I,-75 E I,— 105 F I,— 145 B

230V

235V

25A 50 A 30 A 40A

Resistance of 1000 m length of di

Resistance of section AC, R, =
Resistance of section CD, R, =
Resistance of section DE, Ry =
Resistance of section EF, Rz =
Resistance of sectionFB, Ry =

Voltageat B =
or Vg =
or 235 =
or 235 =

O l, =

Fig. 13.19

stributor (both wires)
= 2x03=06Q

0-6 x 50/2000 = 0-03 Q
0-6 x 25/1000 = 0-015 Q
0-6 x 25/1000 = 0-015 Q
0-6 x 50/2000 = 0-03 Q
0-6 x 50/2000 = 0-03 Q
Voltageat A —Drop over AB
Va—[la Ract (s =25 Rp+ (15— 75) Rpe
+ (I, —105) R + (1, —145) R

230 -[0-031, +0-015 (1, — 25) + 0-015 (I, — 75)

+0:03 (I, — 105) + 0-03 (I, — 145)]
230-[0121, - 9]
239 - 235

oz - 3334 A

(i O CurrentinsectionAC, I, = 1,=33-34A
CurrentinsectionCD, |, = 1,-25=33-34-25=834A
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Currentin section DE, I,z = 1, - 75=33-34 ~75=-41.66 A fromD to E

= 41-66 AfromEtoD

Currentinsection EF, |- = 1, —105=33-34-105=-71-66 A fromEto F
= 7166 AfromFtoE

Current insection FB, Iz = 1, —145=33-34-145=-111-66 A fromF to B
= 11166 AfromBtoF

(if) Theactual distribution of currentsin the various sections of the distributor is shownin Fig.
13.20. The currents are coming to load point D from both sides of the distributor. There-
fore, load point D isthe point of minimum potential.

A C D E F B
8.34 A| 4166 A 111-66 A

o 235V
25A 50A 30A 40 A
Fig. 13.20
Voltageat D,V = V, —[lac Rac*1ep Repl

230 - [33:34 x 0-03 + 8:34 x 0-015]

230 - 1125 = 228875V

Example 13.12. Atwo-wire d.c. distributor AB, 600 metreslong isloaded as under :
Distance from A (metres) : 150 300 350 450

Loadsin 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 Q per 100 metres, calculate :

(i) thecurrentssupplied fromAto B, (ii) the power dissipated in the distributor.

Solution. Fig. 13.21 showsthe distributor with itstapped currents. Let 1, amperesbethe current
supplied from the feeding point A. Then currents in the various sections of the distributor are as
showninFig.13.21.

A Iy C  1a-100 5 1,-800E I1,-550 F 1,-850 g

440V 430V
100A 200A 250A 300A
Fig. 13.21
Resistance of 100 m length of distributor (both wires)
= 2x001=0-02Q

Resistance of section AC,R, = 0:02 x 150/100 = 0-03 Q

Resistance of sectionCD, R, = 0-02 x 150/100 = 0-03 Q

Resistance of sectionDE, Ry = 0-02 x 50/100 = 0-01 Q

Resistance of section EF, Rz = 0-02 x 100/100 = 0-02 Q

Resistance of section FB, R; = 0:02 x 150/100 = 0-03 Q

Voltageat B = Voltageat A — Dropover AB
or Vg = V—[lg Ryc+ (I, —100) Rp + (I, —300) Ry
+ (I, —550) R + (1, — 850) R
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or 430 = 440-[0-031, +0-03 (I, — 100) + 001 (I , — 300)
+0:02 (I, — 550) + 0-03 (I , — 850)]

or 430 = 440-[0-121, - 42.5]
48215 - 430
O = —omp  =4375A

Theactual distribution of currentsin the various sections of the distributor isshownin Fig.13.22.
Incidentally, E isthe point of minimum potential.

(i) Referringto Fig. 13.22, itisclear that
A C D E F B

100A 200A 250A 300A
Fig. 13.22
Current supplied fromend A, 1, = 437-5A
Current supplied fromend B, I; = 4125A

(if) Power lossin the distributor
= I5c Rac + 180 Rep * b Roe + 1 Ree +176Rep
= (437-5)?x 003 + (337-5)? x 0-03 + (137-5)? x 0-01 + (112:5)° x 0-02 + (412-5)? x 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 whilein motion. The
track resistance of go and return path is 0-04 Q/km. Calculate :
(i) the point along the track where minimum potential occurs
(if) the current supplied by the two sub-stations when the train is at the point of minimum
potential
Solution. Thesinglelinediagramisshownin Fig. 13.23 where substation A isat 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 |, amperes be the current supplied by the sub-station A. Then current supplied by
sub-station B is 300 — |, asshownin Fig 13.23.

A Ip M 300 - I, B
600 V v 590 V
300A
Fig. 13.23
Resistance of track (go and return path) per km
= 004Q

Track resistancefor sectionAM, Ry, = 004xQ
Track resistancefor sectionMB, R,,; = 0-04 (6 -x)Q

Potential at M, V), = Vo—ls Ray - (1)
Also, Potential at M, V), = Vg—(300-1,) Ryg (1))

From equations (i) and (ii), we get,
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VA—IA RA,\,I = VB—(3OO—IA) RMB

or 600-0-04x1, = 590-(300-1,) x 004 (6 -X)

or 600-0-04x1, = 590-0-04(1800-300Xx =61, +1, xX)
or 600-004x1, = 590-72+12x+0-241, —0-04xl,

or 0241, = 82-12x

or I, = 341.7-50x

Substituting the value of 1, ineq. (i), we get,
Vy = V,—(341.7-50x) x 0-04 x

O V,, = 600-137x+2x° ..(iii)
(i) ForV,,tobeminimum, its differential coefficient w.r.t. x must be zeroi.e.
& (600 - 13-7x+2x%) = 0
or 0-137+4x = 0
0 X = 13.7/4 = 3425 km

i.e. minimum potential occurs at adistance of 3-425 km from the sub-station A.
(i) O Current supplied by sub-station A

= 341.7-50x 3-425=341.7 - 171.25 = 17045 A
Current supplied by sub-station B = 300-1, =300-170-45=129-55 A

TUTORIAL PROBLEMS

1. A2-wired.c. distributor ABisfed at both ends at the same voltage of 230 V. Thelength 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 250m 400 m
If the maximum voltage drop of 5-5V isto 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 x 10°Qm.
[1-06 cm? ; 250 m from Al
2. Ad.c.distributor ABisfed at both ends. At feeding point A, the voltageis maintained at 235V and at B
at 236 V. Thetotal length of the distributor is 200 metres and |oads are tapped off as under :
20 A a 50 mfrom A
40 A a 75 m from A

25 A at 100 m from A

30 A at 150 mfrom A
The resistance per kilometre of one conductor is0-4 Q. Calculate the minimum voltage and the point at
which it occurs. [232.175V ; 75 m from point A]

3. A two conductor main AB, 500 min length isfed from both ends at 250 volts. Loadsof 50 A, 60 A, 40
A and 30 A aretapped at distance of 100 m, 250 m, 350 m and 400 m from end A respectively. If the X-
section of conductor be 1 cm? and specific resistance of the material of the conductor is 1.7 u Q cm,
determine the minimum consumer voltage. [245.-07 V]

13.6 Uniformly Loaded Distributor Fed at Both Ends

We shall now determine the voltage drop in a uniformly loaded distributor fed at both ends. There
can betwo casesvi z. thedistributor fed at both endswith (i) equal voltages(ii) unequal voltages. The

two cases shall be discussed separately.
(i) Didributor fed at both ends with equal voltages. Consider a distributor AB of length |
metres, having resistance r ohms per metre run and with uniform loading of i amperes per
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metrerun asshownin Fig. 13.24. Let the distributor befed at the feeding points A and B at
equal voltages, say V valts. Thetotal current suppliedtothedistributorisil. Asthetwoend
voltages are equal, therefore, current supplied from each feeding pointisi 1/21i.e.

Current supplied from each feeding point

il

2

A A

l N
X N dx|<— '|

Fig. 13.24

Consider apoint C at adistance x metres from the feeding point A. Then current at point Cis

-1

Now, consider asmall length dx near point C. Itsresistanceis r dx and the voltage drop over

length dxis
i I— =i I_—
|(E x)rdx |r(2 x)dx
X 2
Jir(l——x)dx:ir(l—x—x—j
2 2 2
0
_ir _\2
_7(Ix x)

Obviously, the point of minimum potential will be the mid-point. Therefore, maximum voltage
drop will occur at mid-point i.e. where x =1/2.

dv

0 Voltage drop upto point C

ir
0 Max. voltage drop = 7(| X—Xz)
Sl 1® [Putting x = 1/2]
2 2 4
1. ., 1. 1
= Zirl“==(@hH(rH==IR
T3 glihr)=2 o
where il = 1,thetotal current fed to the distributor from both ends

r| = R, thetotal resistance of the distributor

Minimumvoltage = V - %2 volts

(i)  Distributor fed at both endswith unequal voltages. Consider adistributor AB of length
| metres having resistance r ohms per metre run and with auniform 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 V, and Vg respectively.

Suppose that the point of minimum potential C issituated at adistance x metresfrom the feeding
point A. Then current supplied by the feeding point A will be *i x.

*  AsCisat minimum potential, therefore, thereisno 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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O
i i i i i
Fig. 13.25
Asthe distance of C from feeding point B is (I — X), therefore, current fed from Bisi (I — x).
: w2
O Voltage drop in section BC = rd=x° volts
Voltage at point C, V. = V, —Drop over AC
. 2
irx .
= VA - > (I)
Also, voltage at point C, V. = Vg — Drop over BC
ir(l-x)? .
= Vg - % (1)
From equations (i) and (ii), we get,
f 2 : 2
irx ir(l-x)
Solving the equation for x, we get,
_VaVe , |
irl 2

Asall 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. Atwo-wired.c. distributor cable 1000 metres|ong isloaded with 0-5 A/metre.
Resistance of each conductor is0-05 Q/km. Calculate the maximum voltage drop if the distributor is
fed from both ends with equal voltages of 220 V. What isthe minimum voltage and whereit occurs ?

Solution.

Current loading, = 05A/m
Resistance of distributor/m, = 2x0:05/1000=0-1x 10°Q
Length of distributor, = 1000 m

= i1=0-5x1000=500A
rl=01x10°x1000=01Q
I R_500x001
8 8

Minimum voltage will occur at the mid-point of the distributor and itsvalueis

= 220-6-25=213-75V

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 is0-1 Q per kilometre, determine :

(i) the minimum voltage and the point where it occurs
(i) the currents supplied from feeding points A and B

i
r
I
Total current supplied by distributor, |
Total resistance of the distributor, R

O Max. voltage drop =625V
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Solution. Fig. 13.26 showsthe single line diagram of the distributor.

Voltage at feeding point A, V, = 255V
Voltage at feeding point B, Vg = 250V
Length of distributor, | = 500m
Current loading, i = 1A/m
Resistance of distributor/m, r = 2x0-1/1000 = 0-0002 Q

(i)  Letthe minimum potential occur at apoint C distant x metres from the feeding point A. As
proved in Art. 13.6,
< = VA_—VB +|_: 255-250 4+ 500/ 2
irl 2 1x0[0002 %500
= 50+250=300m

i.e. minimum potential occurs at 300 m from point A.

. 2 2
ir x 1x 00002 x (300
Minimum voltage, Ve = Vo~ 5 = 255 - 5 (300)
= 255-9=246V
(i) Current supplied fromA = ix=1x 300=300 A
Current supplied fromB = i (I —x) =1 (500 — 300) = 200 A
A|‘—X4’| le—— 450 m———»}e——350 m—|
B A B
C C
255V 250V
Fig. 13.26 Fig. 13.27

Example 13.16. A 800 metres2-wired.c. distributor AB fed from both endsis 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 fromthe end A. Resistance of each
conductor is0-05 Q/km.

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

Current loading, i = 1.25A/m
Resistance of distributor/m, r = 2x0-05/1000 = 0-0001 Q
Voltage at C, Ve = 220V
Length of distributor, | = 800m
Distance of point C from A, X = 450m
: 2 2
Voltage drop in section AC = ! rzx = 1250 E(D(;Ol x (450) =1265V

O Voltage at feeding point A, V, = 220+12:65=23265V

o ir(l-x)7° _1025x 00001 x (800 - 450)°
Voltage drop in section BC = 5 = 5

= 765V
O Voltage at feeding point B, Vg = 220+ 7:65=227-65V
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Example 13.17.

(i) A uniformly loaded distributor is fed at the centre. Show that maximum voltage drop
= | RI8wherel isthetotal current fed to the distributor and R is the total resistance of the
distributor.

(if) A2-wired.c. distributor 1000 metreslongisfed at the centre and isloaded uniformly at the
rate of 1-25 A/metre. If the resistance of each conductor is 0-05 Q/km, find the maximum
voltage drop in the distributor.

Solution. (i) Fig. 13.28 showsdistributor AB fed at |<_ 1/2_,|4_ 2 _,|
centre C and uniformly loaded withi amperes/metre. Let c
| metres be the length of the distributor and r ohmsbethe
resistance per metre run. Obviously, maximum voltage
drop will occur at either end.

0O Max.voltagedrop = Voltage drop in half i : i i i i
distributor

- %(%)(r—zl):%(il)(rl)
1

:glR

where il = 1,thetota current fed to the distributor
rl = R, thetotal resistance of the distributor
(if) Total current fed to the distributor is
| = il=125x1000=1250A
Total resistance of the distributor is
R=rl=2x005%x1=01Q

Fig. 13.28

Max. voltage drop = %I R:%X1250><OEI]:15.62V

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

Solution. Consider adistributor AB of length | 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. Thetotal current supplied by the distributor
isil. Asthetwo end voltages are equal, therefore, current supplied from each feeding point isi /2.

Current supplied from each feeding point = i

2
||< X > dx ¢ [=x #i
o
A L B
p
\ \
i i i i i i i
Fig. 13.29

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

Resistance of lengthdx = r dx
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. il )
Current in length dx 5 |x—|(2 X

Power lossin length dx = (currentin dx)2 x Resistance of dx

2
2—x)] x rdx

I
—
I

Total power lossin the distributor is
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13.7 Distributor with Both Concentrated and Uniform Loading

There are several problemswhere adistributor has both concentrated and uniform loadings. In such
situations, thetotal drop over any section of the distributor isequal to the sum of drops dueto concen-
trated and uniform loading in that section. We shall solve afew problems by way of illustration.

Example 13.19. A 2-wired.c. distributor AB, 900 metreslongisfed 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 mfrom 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 Q, 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 dueto A ¢ B E B
concentrated loading isfound. Tothisisadded
the voltage drop due to uniform loading.

Drops due to concentrated loads. Fig. 400V
13.30 shows only the concentrated loads
tapped off from the various points. The cur- Fig. 13.30
rentsin the various sections are :

lpc = 300A;15=250A;1=150A
Dropinsection AC = I, R, =300 x (200 x 0-0001) =6V
Dropinsection CD = 250 x (300 x 0-0001) =75V
DropinsectionDE = 150 x (300 x 0-0001) = 4-5V
Total dropover AB = 6+75+45=18V
Dropsdueto uniform loading

50 A 100 A 150 A

irl1? _ 005 x 000001 x (900)°

Drop over AB = > 5 =2025V
. x?
Dropover AD = ir IX—?
Here, | = 900m;x=500m

2
05 x 0-0001 (900 X 500 — @) = 1625V

O Drop over AD >
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0] Voltage at point B = V, — Drop over AB due to conc. and uniform loadings
400 - (18 + 20-25) = 361-75V
V, — 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-
tanceof 0-1 Q. Theends A and B arefed at 240 V. The cableis 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
(i) currents supplied from ends A and B (iii) the value of minimum potential.

Solution.

Distributor resistance per metrelength, r 0-1/1000=10"Q

Uniform current loading, i 0-5A/m

(i) Point of minimum potential. The point of minimum potential is not affected by the uni-
form loading of the distributor. Therefore, et us consider the concentrated loads first as shown in

Fig. 13.31. Supposethe current supplied by end Aisl. Then currentsin the various sectionswill be
asshowninFig. 13.31.

(i) Voltage at point D

|<—200 m—»4¢— 200 M—p¢— 300 m—p¢—200 m—p<«— 100 m—>|
240V 240V

120 A 60 A 100 A 40 A

Fig. 13.31
V,— Vg =Drop over the distributor AB
240 = 240 =lpc Rac +lcp Rep + 1pe Roe * ler Rer * Ieg Reg
or 0 =1074[I x 200 + (I — 120) 200 + (I - 180) 300 + (I - 280) 200 + (I — 320) x 100]
or 0 =10001 -166000 O | =166000/1000 =166 A

The actual distribution of currentsin the various sections of the distributor due to concentrated
loading is shown in Fig. 13.32. Itisclear from thisfigurethat D isthe point of minimum potential.
240V 240V

120 A 60 A 100 A 40 A

Fig. 13.32

(if) Thefeeding point A will supply 166 A due to concentrated loading plus 0-5 x 400 = 200 A
due to uniform loading.
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O Current supplied byA, 1, = 166 + 200 = 366 A

The feeding point B will supply acurrent of 154 A due to concentrated loading plus 0-5 x
600 = 300 A due to uniform loading.

O CurrentsuppliedbyB, Iy = 154 + 300 =454 A
(iif) Asstated above, D isthe point of minimum potential.

0 Minimum potential,\V, = V, —Dropin AD due to conc. loading — Drop in AD dueto
uniform loading

Now, DropinAD duetoconc.loading = l,c Rac + Iop Rep

= 166 x 10 x 200 + 46 x 10 x 200
332+092=424V
ir*12 0Bx107 x (400)°
Drop in AD due to uniform loading ! r2I = B 5 * ( ) =
O Vp=240-4-24-4 = 23176V
Example13.21. Ad.c. 2-wiredistributor AB is500mlong and isfed at both endsat 240 V. The

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

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

|<—100 m—>|<—150 m—>|<—50 m—>|<—200 m—b|

1A|m

AY

240V 240V

100 A 60 A

Fig. 13.33
(i) If ristheresistance of the distributor (go and return) per metre length, then,
VoltagedropinlengthAD = |, R,-+ 5 Rp
(100 +x) x 100 +x x 150 r
. I 2
Voltage drop in length BD > F (60— x) x250r
_ 1xrx(200”
- 2
Since the feeding points A and B are at the same potential,

1xr x (200

(60 - x) x250t

a (100+x) x100r +xx 150r = 5 (60—x)250r
or 100x + 10000 + 150x = 20000 + 15000 — 250x
or 500x = 25000 O x=50A

*  Drop dueto 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.
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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.

240V 240V

210 A

100 A 60 A
Fig. 13.34
(i) Total current = 160 + 1 x 200 = 360 A

Current suppliedby A, 1, = 100+ x=100+50=150 A
Current supplied by B, I; = 360 — 150 =210 A
Minimum potential, V= V, = l,c Rac = lep Rep
240 - 150 x (100 x 0-001) — 50 x (150 x 0-001)
240-15-75=2175V

TUTORIAL PROBLEMS

1. A 2-wired.c. distributor AB, 1000 m long has atotal resistance of 0-1 Q. TheendsAand B arefed at 240
V. Thedistributor isuniformly 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
(if) value of minimum potential
(iii) current fed at both ends [(i) 400 m from A (ii) 23176 V (iii) 1, =366 A ; | = 454 A]
2. A 2-wired.c. distributor AB is 300 metres long. The end Aisfed at 205V 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
is0-15 Q per kilometre. Calculate:

(i) the point of minimum potential
(ii) currentsfed at ends A and B [(i)) 175 mfrom A (ii) 1, =150 A ; Ig =45 A]

3. Ad.c. 2-wiredistributor AB is450 m long and isfed at both ends at 250 V. The distributor isloaded as
shown in Fig. 13.35. Theresistance of each conductor is0-05 Q per km. Find the point of minimum
potential and its potential. [261-74 m from A ; 247-35 V]

250V 250V

£ 1.5A|m
C D
] ]

oy ' B
le—60 m——>f¢— 40 m—ple——100 m—ple——250 m—

Fig. 13.35

13.8 Ring Distributor

A distributor arranged to form aclosed loop and fed at one or more pointsiscalled aring distributor.
Such adistributor startsfrom one point, makes aloop through the areato be served, and returnsto 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 aring distributor is the one having only one feeding point as shown in
Fig. 13.36(ii). Here A isthe feeding point and tappings are taken from points B and C. For the
purpose of calculations, it isequivalent to astraight distributor fed at both ends with equal voltages.

Example 13.22. A 2-wire d.c. ring distributor is 300 mlong and isfed at 240 V at point A. At
point B, 150 mfrom A, a load of 120 A istaken and at C, 100 min the opposite direction, a load of
80 Aistaken. If the resistance per 100 m of single conductor is0-03 Q, find :

(i) current in each section of distributor
(if) voltage at points B and C
Solution.
Resistance per 100 m of distributor
2x0:03=006Q
0-06 x 150/100 = 0-09 Q

Resistance of section AB, R,
Resistance of section BC, Ry = 0-06 x 50/100 = 0-03 Q
Resistance of section CA, R, = 0-06 x 100/100 = 0-06 Q

(i) Let us suppose that a current 1, flows in section AB of the distributor. Then currents in
sections BC and CA will be (I, — 120) and (I , — 200) respectively asshowninFig. 13.36 (i).

According to Kirchhoff’s voltage law, the voltage drop in the closed loop ABCAiszeroi.e.
lag Rag * lac Rec *lcaRea = 0

or 0091, +0:03 (I, - 120) + 0:06 (I, ~ 200) = 0O
or 0181, = 15:6
O I, = 15:6/0-18 = 86:67 A

Theactual distribution of currentsisasshowninFig. 13.36 (i) fromwhereitisseenthat Bisthe
point of minimum potential.

86-67 A

113-33 A

80 A 80 A

Fig. 13.36 @)
Currentinsection AB, 1,5 = 1, =86:67 A fromAtoB

Currentinsection BC, Ig. = 1, - 120=8667 - 120=-33-33 A
33.33AfromCtoB

Currentinsection CA, I, = 1, —200=86:67 -200=-113-33A

113 -33A fromAto C

(i) Voltageat point B, Vg = V, =g Ryg = 240 - 8667 x 0-09 = 232:2 V
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Voltage at point C, Vo = Vg + lg- Ry
= 232:2+33:33x0:03=2332V
Example 13.23. A 2-wire d.c. distributor ABCDEA in the form of aring main is fed at point A
at 220 V and is loaded as under :
10AatB; 20Aat C; 30AatD and 10 Aat E.

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

(i) the point of minimum potential
(if) current in each section of distributor

Solution. Fig. 13.37 (i) showsthe ring main distributor. Let us suppose that current | flowsin
section AB of thedistributor. Then currentsin thevarious sectionsof thedistributor areasshownin Fig.
13.37 (i).

10 A

20A

30A
(i)

Fig. 13.37

(i) According to Kirchhoff’s voltage law, the voltage drop in the closed loop ABCDEA is zeroi.e.
IAB RAB + IBC RBC + ICD RCD + IDE RDE + IEA REA: 0
or 0-11 + 0-05 (I = 10) + 0-01 (1 — 30) + 0-025 (I — 60) + 0-075 (1 = 70) =0
or 0261 = 755
O | = 7-55/0:26 = 29-04 A
Theactual distribution of currentsisasshowninFig. 13.37 (ii) from whereit isclear that Cisthe
point of minimum potential.
O Cisthepoint of minimum potential.
(i) Currentinsection AB = | =29.04 A fromAto B
Current insectionBC = | —10=29-04 - 10 =19-04 A fromBto C
CurrentinsectionCD = 1-30=2904-30=-096 A =096 A fromDtoC
Current insectionDE = | —60=29-04 -60=-30-96 A = 30-96 A fromE to D
CurrentinsectionEA = | —70=29-04 - 70 =-40-96 A = 40-96 A fromAto E

13.9 Ring Main Distributor with Interconnector

Sometimes a ring distributor has to serve alarge 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.
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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 anetwork. However, the
solution of such a network can be readily obtained by applying Thevenin's theorem. The steps of
procedure are

4

(i)
Fig. 13.38 Fig. 13.39
(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 E,,
(if) Next, calculate the resistance viewed from points B and D of the network composed of
distribution linesonly. This gives Thevenin's equivalent circuit series resistance R,
(iif) If Ryp isthe resistance of the interconnector BD, then Thevenin’s equivalent circuit will be
as shown in Fig. 13.39 (ii).
_ B
R+ Rep
Therefore, current distribution in each section and the voltage of load points can be calcul ated.
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 sectionsare asfollows: AB= 002 Q ; BC=

0:018 Q ; CD = 0:025 Q and DA = 0-02 Q. The main suppliesloads of 150 Aat 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 Q, determine the
new voltage at each load point.
Solution.
Without Interconnector. Fig. 13.40 (i) showsthering distributor without interconnector. Let
us suppose that a current | flows in section AB of the distributor. Then currents in various
sections of the distributor will be as shown in Fig. 13.40 (i).
250V 150 A 250V 150 A

O Current in interconnector BD =

336-75 A

363.25 A 186.75 A

250 A 250 A

Fig. 13.40
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According to Kirchhoff’s voltage law, the voltage drop in the closed loop ABCDA iszeroi.e.
Iag Rag * lac Rec 1o Rep + Ipa Rpa =0
or 0:02I +0-018 (I — 150) + 0-025 (I — 450) + 0-02 (I — 700) =0
or 00831 2795
O I 27-95/0-083 = 336:75 A
The actual distribution of currentsisas shownin Fig. 13.40 (ii).
Voltagedropin AB = 33675 x 0-02=6-735V
Voltage drop in BC = 186-75 x 0-018 = 3-:361 V
VoltagedropinCD = 113:25 x 0-025=2-831V
Voltagedropin DA = 363:25 x 0-02 = 7:265 V

0 Voltage at point B = 250 — 6-735 = 243265 V
Voltage at point C = 243-265 — 3:361 = 239:904
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.

E, = Voltage between points Aand C
= 250 - 239-904 = 10-096 V
R, = Resistance viewed from points A and C

(002 + 0[018) (02 + 0 [025)
(0[D2 + 0[018) + (0 (02 + 0 [025)
R,c = Resistance of interconnector = 0-02 Q
Thevenin's equivalent circuit is shown in Fig. 13.41 (ii). Current in interconnector AC
_ 5 __ 100096
~ R *+Ry 0[2+002
250V 150 A

=0002Q

=252[4 A fromAtoC

Ro=0.02Q

1, - 150 Ey=10.096V < Rac=0.020

300 A

(it)

Fig. 13.41

Let us suppose that current in section AB is ;. Then current in section BC will bel, — 150. As
the voltage drop round the closed mesh ABCA is zero,
0O 0-021,+0-018(l, — 150) — 0-02 x 252-4 =0
or 0-0381, = 7-748
O I, = 7-748/0-038 = 203-15 A

The actual distribution of currentsin the ring distributor with interconnector will be as shownin

Fig. 13.42.
Dropin AB = 203:15 x 0-02 = 4-063 V
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DropinBC = 53.15 x 0-018 250V 150 A
= 0960V 203.15 A
DropinAD = 244.45x 0-02=49V
O Potential of B = 250 - 4-063
= 245.93V 244.45 A 53154
Potential of C = 245.93 - 0-96
= 24497V 555 A
. ’ 300 A
Potential of D = 250 - 4.9=245.1V -
It may be seen that with the use of interconnector, the voltage Fig. 13.42

dropsin 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. Theresistances of go and return conductor s of various sections are indicated in the
figure. Calculate:

10A

30 A

10A

20 A
Fig. 13.43
(i) current in the interconnector
(if) voltage drop in the interconnector

Solution. When interconnector BD isremoved, let the current in branch AB bel. Then current
distribution will be as shown in Fig. 13.44 (i). Asthetotal drop round the ring ABCDEA is zero,
10 A 10 A

20A
(i)

Fig. 13.44
0 00751+ 0025 (I - 10) + 0-01 (I — 40) + 005 (I - 60) + 0-1 (I — 70) = 0
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or 0261 = 10-65
0 - 10065 _ o6
026

The actual distribution of currents will be as shown in Fig. 13.44 (ii).
Voltage drop along BCD = 30-96 x 0-025 + 0-96 x 0-01
= 0-774 + 0-0096 = 0-7836

Thisis equal to Thevenin's open circuited voltage E i.e.

E, = 07836V

R, = Resistance viewed from B and D

(075 + 001 + 0[05) (0025 +0 [01)

(075 + 0 +0[05) +(0 025 +0 [01)

_ (0[225)(0[035) _
T~ 0@225+0035 01030

(i) Current in interconnector BD is

_ = _ 007836 _
B0 " Ry +Ry 0M3+005 S8A
(i) Voltage drop aong interconnector BD

= lgp Rep = 98X 0-05= 049V

TUTORIAL PROBLEMS

1. A 300 mring distributor has loads as shown in Fig. 13.45 where distances arein metres. Theresis-
tance of each conductor is0-2 W per 1000 metres and the loads are tapped off at points B, Cand D as
shown. If thedistributor isfed at A at 240V, find voltages at B, C and D.

[Vg=2369V ; V.=23597V ; V,=23745V]
240V 30 A 10 A

100 A
20 A

70 A

10 A
Fig. 13.45 Fig. 13.46

2. A d.c. 2-wirering main ABCDEA is fed
from 230V supply asshowninFig. 13.46.
Theresistance of each section (go and re-
turn) AB, BC, CD, DE and EA is0-1 W.
The loads are tapped off as shown. Find
the voltage at each load point.
[Vg =227V ;V.=225V;V,=225V;
Vg =226 V]

3. In the d.c. network shown in
Fig.13.47, A isthe feeding point and
ismaintained at 250 V. The resistances

36 A

Fig. 13.47
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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]

13.10 3-Wire D.C. 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 casesistoo expen-
sive. The problem can be solved to a limited extent by the use of 3-wire d.c. system which makes

availabletwo voltagesviz. V voltsbetween any outer 10 A + Ve Outer
and neutral and 2V volts between the outers. Motor —> * ?
loads requiring high voltage are connected between T SA SA
the outers whereas lighting and heating loads requir- 220V
ing lessvoltage are connected between any one outer .
and the neutral. Due to the availability of two volt- S l Neutral
ages, 3-wire system is preferred over 2-wire system CD J_ 5A 5A
for d.c. distribution. - = T

Fig. 13.48 shows the general principles of a 220V
3-wired.c. system. It consistsof two outersandamiddle l
or neutral wirewhich is earthed at the generator end. e . .
The potential of the neutral wireis*half-way between 10A — Ve Outer
the potentials of the outers. Thus, if p.d. between the Fig. 13.48

outersis440V, then positive outer isat 220 V above the neutral and negative outer is220V belowthe
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 potentia of
the neutral will be exactly half-way between the potential difference of the outers.

(ii) If the load on the positive outer (1,) is greater than on the negative outer (1,,), then out of
balance current I, — 1, will flow inthe neutral wirefrom load end to supply end asshownin
Fig. 13.49 (i). Under this condition, the potential of neutral wirewill no longer be midway
between the potentials of the outers.

II

>

L

[
>

I-1 I, bl L

||||—
.||||_

y Wl

(@) (i)
Fig. 13.49

(iii) If the load on the negative outer (1) is greater than on the positive outer (I,), then out of
balance current |, — 1, 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) Asthe neutral carries only the out of balance current which is generally small, therefore,

area of X-section of neutral istaken half as compared to either of the outers.
It may be noted that it is desirabl e that voltage between any outer and the neutral should havethe

samevalue. Thisisachieved by distributing the loads equally on both sides of the neutral.

*  For balanced loadsi.e. equal loads on both sides of the neutral wire.
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13.11 Current Distribution in 3-Wire D.C. 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
takesacurrent of 75 A. Other loads requiring lower voltage of 250 V are connected on both sides of
the neutral.

e 122A c 100A 75A E
T 25A
250 V I
500V
N Motor
1§O A 7§A
8- ) H ) G F

Fig. 13.50

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. Oncethe magnitude and direction of current in the section NJ isknown, thedirectionsand
magnitudes of currentsin 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 theload KH. AsseeninFig. 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 isdivided into two parts ; 10A flowing along section LK and the remaining 15 A along the
section LO to supply the load OG.

L oad-point voltages. Knowing the currentsin the various sections of the outersand neutral, the
voltage at any load point can be determined provided resistancesare known. Asanillustration, let us
calculate the voltage across load CJ of Fig.13.50. Applying Kirchhoff’s voltage law to the loop
ACJINA, we have,

[Algebraic sum of voltage drops] + [Algebraic sum of em.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. Aload 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 wireis 0-1 Q and the cross-section of
middlewireis one-half of that of outer. If the systemis supplied at 500/250 V, find the voltage at the
load end between each outer and middie wire.
Solution. Fig. 13.51 showsthe current loading. Obviously, current inthe neutral wireis50 — 40
= 10A. Asthe X-sectional areaof neutral ishalf that of outer, therefore, itsresistance=2x 0-1=0-2Q.
Voltage at the load end on the +ve side,
Ve = 250- 1, Rag = (I = 1) Ry
= 250-50x%x0-1-(10) x 0-2=243V
Voltage at the load end on the —ve side,

*  Remember, rise in potential should be considered positive while fal 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,
obvioudly, thereisrise in potential.
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I,=50A
+ A > E
T T 010 50 A
500V 250V
l 10 A
N < L
0.2Q
T 40 A
250V
l I,=40 A
-B v < G
0.1Q
Fig. 13.51
Vie = 250+ (I3 = 15) Ry, — 1, Reg

250 +10x0-2-40x0-1=248V

Example 13.27. A 3-wire d.c. distribution system supplies a load of 5 Q resistance across the
+ve outer and neutral and a load of 6 Q resistance across —ve outer and neutral at the far end of the
distributor. The resistance of each conductor is0-1 Q. If the voltage between any outer and neutral
at the load end isto be kept at 240 V, find the feeding end voltages.

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

Current on +ve outer, I, = 240/5=48A

Current on —ve outer, I, = 240/6 = 40A
Currentinneutral = 1, —1,=48-40=8A

V, 240V gq
! )
B= l <2 C
01Q
Fig. 13.52

Voltage between +ve outer and neutral at feeding end is
Vi = Ve + R+ (1 1) Ry
= 240+48x01+8x01=2456V
Voltage between —ve outer and neutral at feeding end is
Vo = Vic=(I3= 1) Ry + 15 Ree
= 240-8x01+40x01=2432V
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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 middie wire. If thereis
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 middlie wire.
The voltages on the two sides of themiddlewire areequal i.e. 250 V. Let R, bethe resistance of load
on the +ve side and R, be the resistance of load on the negative side.

_ (250 (250)°
' 35x10° 20 x 10°

When thereisabreak in the middle wire, two resistances R, and R, are put in series across 500 V
as shown in Fig. 13.53 (ii).

+ +

[ [

500V l 35 kW

!

250V R, Z 20 kW v,

b
<

() (ii)
Fig. 13.53

500 _ 500

O Circuit current, | = R+R = 1785+ 30125 - 101-83 A

O Voltage across +ve outer and middle wire,
V, = IR =101-83x1.785=181-8V
Voltage across —ve outer and middle wire,
V, = I R,=101-83 x 3:125=318-2V
Example 13.29. A 3-wire, 500/250 V distributor isloaded as shown in Fig. 13.54. Theresis-
tance of each section is given in ohm. Find the voltage across each load point.

=3125Q [~- R=VP]

=1785Q ; R,=

—V

A

At 0.015 c 0.01 D
T T 20 A 30A
250V
500 V
\ J 002 0014 L 0.006
0.02 'K i
24 A 36 A
250V
. v 002 0.024
- < :
Fig. 13.54

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 currentsin the various sections.
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The voltage drops in the various sections are worked out below.

Section Resistance (Q) 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 02
HG 0-024 36 0-864
GB 0-02 60 12

50 A

O
W
o

>
O

At
T 20 A 30 A

60A G 36 A H
Fig. 13.55
Voltage acrossload CK = 250 — Drop in AC — Drop in KJ + Drop in NJ
= 250-0-75-0-28 + 0-2=249-17V
Voltage acrossload DM = 249:17 - Drop in CD - Drop in ML + Drop in KL
249:17 - 0-3 - 0-18 + 0:084 = 248-774 V
250 — Dropin NJ — Dropin GB
250-02-1.2=2486V
2486 + Drop in KJ — Dropin KL — Drop in HG
= 248-6 + 0-28 — 0-084 — 0-864 = 247932V

Example 13.30. A 3-wired.c. distributor AE 600 mlong issupplied at end A at 500/250 V and
isloaded as under :

Positive side : 60A, 200 mfromA ; 40 A, 360 mfrom A

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

The resistance of each outer is 0-02 Q 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.

Voltage across load JG

Voltage acrossload LH

At 200 m C 160m D 240m E=
T T 60 A 40 A
250 V
500 V l
N 100m J 100m | 60m L 100 m 240m P
T 20A K 60A M 15A
250V
B= ' 100m g 160m 340 '
G H i F

Fig. 13.56
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Solution. From the current loading given in Fig. 13.56, we can find the magnitudes and direc-
tions of currentsin the various sections by Kirchhoff’s current law as shown in Fig. 13.57. Asthe
neutral is of same cross-section, its resistance is 0-02 Q per 100 metres. The voltage drops in the
various sections are worked out below :

Section Resistance (Q) Current (A) Drop (V)
AC 0-02 x 200/100 = 0-04 100 4
CD 0-02 x 160/100 = 0-032 40 1.28
MP 0-02 x 240/100 = 0-048 15 072
ML 0-02 x 100/100 = 0-02 25 05
KL 0-02 x 60/100 = 0-012 35 042
KJ 0-02 x 100/100 = 0-02 25 05
IN 0-02 x 100/100 = 0-02 5 01
FH 0-02 x 340/100 = 0-068 15 1.02
HG 0-02 x 160/100 = 0-032 75 2:4
GB 0-02 x 100/100 = 0-02 95 19
At T 1_02A © 40A D E
T 250V

500V

Fig. 13.57
Voltage acrossCK = 250 — Drop in AC — Drop in KJ = Drop in JN
= 250-4-05-01=2454V
Voltage acrossDM = 245-4 - Dropin CD — Dropin ML + Drop in KL
= 2454-1.28 - 05+ 0-42=244-04V
250 + Dropin JN — Dropin GB
250+0-1-19=2482V
Voltage across LH = 248:2 + Drop in KJ — Drop in KL — Drop in HG
= 2482+05-042-24=24588V
Voltage across PF = 245-88 + Drop in ML — Drop in MP — Drop in FH
= 24588 + 0-5-0-72 - 1.02 = 244-64
Example 13.31. The 3-wire d.c. system supplies aload of 4 Q resistance across +ve wire and
the neutral wire and a load of 6 Q resistance across —ve outer and the neutral at the far end of the
distributor. The resistance of each conductor is0.15 Q 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 showsthe conditions of the problem when the systemishealthy. Let usfind
the feeding end voltages.

Voltage across JG
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Current in the positive outer, |,
Current in the negative outer, 1, = 240/6=40A
Current in the neutral wire l,-1,=60-40=20A
Voltage between +ve outer and neutral at feeding point is
Vi = Ve + LR+ (13— 1) Ry,
= 240+ 60 x 0-15 + 20 x 0-15 = 252 V
Voltage between —ve outer and neutral at feeding point is
Vo = Vie= (= 1) Ry + 12 Ree
= 240-20x0-15+40x 0-15=243V

240/4 =60 A

I 150
A T > 015 T E
v, 240V e
I, -1 l
N% 1: 2 015Q T L
V, 240V 60
l I 0.15Q l
B < C

Fig. 13.58

(i) When neutral breaks. When thereisabreak in the neutral, the system is equivalent to 2-
wired.c. system having load resistance=4 + 6 = 10 Q and p.d. = 252 + 243 =495V at the
feeding end. If | istheload current, then,

Total circuit resistance = 10+ 0-15+0-15=10-3Q
O Load current, | = 495/10-3=48-06 A
Voltage across 4 Q resistance = | x 4=48.06 x 4=192-24V
Voltage across 6 Q resistance = | x 6 =48-06 x 6 =288-36 VV

(if) When +veouter breaks. Whenthereisabreak in the +ve outer, there will be no currentin
4 Qload. Thecircuitisagain 2-wired.c. system but now load is6 Q and p.d. at the feeding
point is 243 V.

Total circuit resistance = 6+ 0-15+0:15=6-3Q
If I" istheload current, then,

I" = 243/6-3=3857 A
Voltageacross6 Q = I' x 6=38-57x 6 =231-42V
(iif) When —ve outer breaks. When there is a break in the negative outer, there will be no

current in 6 Q load. Thecircuit isagain 2-wire d.c. system but now load is4 Q and p.d. at
the feeding point is 252 V.

Total circuit resistance
If 1" istheload current, then,

4+015+015=43Q

1" 252/4-3=58:6 A
Voltage across4 Q = 1" x4 =58.6 x 4 =234.42\/
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TUTORIAL PROBLEMS

1. Aload supplied by a3-wired.c. distribution system takesacurrent of 600 A onthe +vesideand 480 A on
the —ve side. The resistance of the outer conductor is 0-015 Q and that of the middle wire is 0-03 Q.
Determine the voltage at the load end between each outer and middle wire. Supply voltageis500/250 V.

[+veside: 2374V ; —veside: 246-4 V]

2. A 3-wired.c. distributor, 250 m long, is supplied at end P at 500/250 V and is loaded as under :
Positiveside: 20 A, 150 m from P ; 30 A, 250 m from P
Negative side: 24 A, 100 mfrom P ; 36 A, 220 m from P
Theresistance of each outer wireis0-02 Q per 100 m and the cross-section of the middle wireis one half
that of the outer. Find the voltage across each load point.

[Positiveside: 248-62V ; 247-83V ; Negative side: 2484V ; 247-65 V]

3. The3-wired.c. system suppliesaload of 4 Q resistance across the +ve wire and the neutral and aload of
6 Q resistance across —ve outer and the neutral at the far end of the distributor. The resistance of each
conductor is 0-15 Q and voltage across each outer and neutral is 240 V at the load end. Calculate the
feeding end voltage. [+veside: 252V ; —veside: 243 V]

13.12 Balancers in 3-Wire D.C. System

Although in a3-wire d.c. system every effort is made to distribute the various loads equally on both
sidesof theneutral, yet it isdifficult to achievethe exact balance. Theresult isthat 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,
abalancer setis used.

Circuit details. Fig. 13.59 showsthe use of abalancer setina3-wired.c. system. Thebalancer
consists of two identical shunt wound machines A and B coupled mechanically and having their
armature and field circuits connected in series acrossthe outers. The neutral wireisconnected to the
junction of the armatures as shown. The circuit arrangement has two obvious advantages. Firstly,
only one generator (G) isrequired which resultsin agreat saving in cost. Secondly, the balancer set
tends to equalise the voltages on the two sides of the neutral .

L
L+1 T I,
2 +
\Z
-1
b 1 2
LQ L -1 l
L1 )
— J?_ 1 > 2 I 12
IL+1, -
2 I2

Fig. 13.59

Theory. Since the speeds and field currents of the two machines are equal, their back em.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 flowsin the neutral wire. Hence, thetwo machinesrun 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. Supposethat load |, on the +ve outer isgreater that theload |, on the
—-veouter. Sincethe+vesideismore heavily loaded, p.d. on thissidetendsto fall below thee.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 siderises abovethe em.f. of the balancer so that machine Brunsasamotor. Theresultis
that energy istransferred 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 asamotor and machine A asagenera-
tor. Theout of balance current |, — I, 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. (1, — 1,)/2 will flow through each machine as shown.

Let R, = armature resistance of each machine
*E = induced e.m.f. of each machine
V, = terminal p.d. of machine A running as a generator
V, = terminal p.d. of machine B running as a motor

0 v, = E—(%j@

and Vv, = E+(%)RU1

Difference of voltages between two sides
=V,-V,
- (=52 )R =34
= (,-RR

Itisclear that difference of voltages between the two sides of the system is proportional to
(i) theout-of-balance current I ,— 1,

(if) the armature resistance of balancer

Therefore, in order to keep the voltages on the two sides equal, R, is kept small and loads are
arranged on the two sides in such away that out of balance current isas small as possible.

The difference of voltages (V, — V;) on the two sides
can befurther reduced by cross-connecting the shunt fields
of the balancer set as shown in Fig. 13.60. Asthe gener-
ating machine A draws its excitation from lightly loaded
sidewhichisat ahigher voltage, therefore, induced em.f.
of the machine isincreased. On the other hand, induced @

e.m.f. of machine B isdecreased sinceit drawsits excita-
tion from the heavily loaded side. The result is that the —
difference V, — V; is decreased considerably. It may be
noted that a perfect balance cannot be obtained because
the operation of the balancer set depends upon a dlight
unbalancing of the voltages on the two sides.
Example 13.32. Ad.c. 3-wire systemwith 500 V be- Fig. 13.60
tween the outer s supplies 1500 kW on the +ve outer and 2000 kW on the negative outer. |f the losses
in the machines are negligible, calculate:
(i) currentinthe neutral wire
(i) total current supplied by main generator
(iif) current in each balancer armature
Solution. TheconnectionsareshowninFig. 13.61. Asthenegativesideismoreheavily 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 em.f.swill be same.
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Load current on +ve outer,
Load current on —ve outer,

1500 x 10%/250 = 6000 A
2000 x 10%/250 = 8000 A

Ig= 7000 A I,= 6000 A
1000 A T
+
\ l 250V [:|1500 kW
* l
2000 A
3 I
()t 250V 2000 kW
1000 A ) l
7000 A ) I,= 8000 A
Fig. 13.61
0] Current inthe neutral = 1, -1, = 8000 — 6000 = 2000 A
(i) Total load on main generator = 1500 + 2000 = 3500 kW
0  Current supplied by main generator, I = 3500 x 10°/500 = 7000 A
(iii)

CurrentinmachineA = |5 -1, =7000 - 6000 = 1000 A
CurrentinmachineB = 1, —I5=8000 - 7000 = 1000 A
Example 13.33. Ad.c. 3-wiresystemwith 500 V between outer s haslighting |oads 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
(if) kW loading of each balancer machine

Solution. TheconnectionsareshowninFig. 13.62. Asthepositive sideismore heavily loaded,
therefore, machine A acts as a generator and machine B as a motor.

(i) Total load on the main generator
= |oad on +ve side + load on —ve side + losses
= 150+ 100 + 2 x 3 =256 kW

Ig=512A

Py
»

I,= 600 A

>

+ |
. 2 T 250V |::| 150 kW

88 A 200 A

/ J=_ 112 A ‘
+l 250V

A . 1,=400 A
Fig. 13.62

100 kW

a2
oA
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(if) Current supplied by the main generator,
lg = 256 x 10%/500=512 A

Load current on +ve side, I, = 150 x 10%/250 = 600 A
Load current on —ve side, I, = 100 x 10°/250 = 400 A
Current in neutral wire = 1, —1,=600-400=200A
Current through machine A =1,-15=600-512=88 A
Current through machine B = lg—1,=512-400=112 A
O Load on machine A = 88 x 250/1000 = 22 kW
Load on machine B = 112 x 250/1000 = 28 kW

Example 13.34. Ina500/250 V d.c. 3-wire system, thereisa current of 1200 A on the +ve side
and 1000 A on the —ve side and a motor load of 200 kW acrossthe outers. Thelossin each balancer
machineis5 kW. Calculate:

(i) current of the main generator
(if) load on each balancer machine

Solution. TheconnectionsareshowninFig. 13.63. Asthepositive sideismore heavily loaded,
therefore, machine A acts as a generator and machine B as a motor.

Load on +ve side, P, = 250 x 1200/2000 = 300 kW
Load on -veside, P, = 250 x 1000/2000 = 250 kW
Load on outers, P; = 200 kW
(i) Total load onthe main generator = P, + P, + P, + lossin balancer machines
= 300 + 250 + 200 + 10 = 760 kW
Current of main generator, lg = 760 x 10500 = 1520 A
(if) Currentin neutral = 1200 - 1000 = 200 A
Current through machine A = 1600 -1520=80 A
Ig=1520A 1600 A 400 A
T v 1200 A
+
A T 250V

+
80 A 200 A
J_ - 200 kW
< L 120 A ¥ 1000 A

+ l 250V

1520 A 1400 A 400 A
Fig. 13.63
Current thro' machineB = 1520 - 1400=120 A
Load on machineA = 80 x 250/1000 = 20 kW
Load on machineB = 120 x 250/1000 = 30 kW

Example 13.35. Ad.c. 3-wire systemwith 500 volts across outer s supplies 800 A on the positive
side and 550 A on the negative side and 1500 A acrossthe outers. Therotary balancer has each an
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armature resistance of 0-2 Q and takes5 A on no load. Find :
(i) current loading of each balancer machine
(i) the voltage across each balancer machine
(iii) total load on the main generator

Solution. TheconnectionsareshowninFig. 13.64. Asthepositive sideismore 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

L et the current through machines Aand B be |, and | ; respectively. Then |, + | g must be equal
to current in the neutral wirei.e.

I, +1g = 250
or I, = 250-15
(i) LetV,andVgbethep.d.s. of machinesAand B respectively. SincemachineB isdrivingthe
machine A, output of B suppliesthe losses in the set plus the output of machine A i.e.

I5=2180 A 2300 A 11500 A
A ” g .
T v 800 A
+
\ 250V
4 I,=120 A 250 A
500 V <
A J=_ Ig=130 A T 7550 A
+
e 250V

2180 A 2050 A

Fig. 13.64
Output of machine A + *Lossesin the set
or Vglg = VI, +500x5+1%,R, + 1% Ry
O Vglg = V,(250—1g) +2500 + (250 — 15)°x 02+ 0217 ...(i)
Each machine has same value of back e.m.f. E sincetheir field currents and speeds are the same.
Back em.f., E 250-02x5=249V

Output of machine B

Terminal p.d. across A, V, = E-1,R,=249-0-2(250 - I)
0 Vy, = 199+0214 (i)
Terminal p.d. across B, Vg = E+ IR,

= 249+021, (1))

Substituting the values of V, and Vg in exp. (i), we get,
(249+0-215) 15 = (199+0215) (250 - I) + 2500 + (250 — 1)° x 02 + 0-2 1%,
or 24915+ 0215 = 49,750 - 19915+ 50 I — 0-2 1% + 2500 + 12,500
+021%5-10015+021%

* Lossesintheset = No load losses + Copper losses
2 2
500 x5+ 17, Ry + 15 Ry
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or 4981, = 64,750

O lg = 64750/498 = 130 A

and I, = 250-130=120A

(if) Voltage across machine A, V, = 199+021;=199+02x130=225V
Voltage across machine B, Vg = 249+0215=249+02x130=275V

(iif) Load on main generator 2300 -1, =2300 - 120 = 2180 A

TUTORIAL PROBLEMS

1. A load on 3-wired.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. Ina500/250 V d.c. 3-wire system, thereis a current of 2000 A on the +ve side, 1600A on the negative
side and aload of 300 kW acrossthe outers. Thelossin each balancer setis8 kW. Calculate the current
in each armature of the balancer set and total load on the main generator.  [168A ; 232A ; 1216 kW]

3. Ina500/250 volt 3-wire d.c. system, thereis an out of balance load of 200 kW on the positive side. The
lossin each balancer set is 10 kW and the current in the negative mainis 2800A. Calculate the currentin
each armature of the balancer set and the total load on the generator. [440A ; 360A ; 1620 kW ]

13.13 Boosters

A booster isa d.c. generator whose function
isto inject or add certain voltage into a cir-
Ccuit 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 serieswith the feeder whose voltage
drop is to be compensated as shown in Fig.
13.65. Itisdriven at constant speed by ashunt
motor working from the bus-bars. As the
booster is a series generator, therefore, volt-
age generated by it is directly proportional to Booster Feeder
the field current which is here the feeder cur-
rent. When the feeder current increases, the . -
voltage drop in the feeder alsoincreases. But Bus — bars Fig. 13.65
increased feeder current resultsin greater field
excitation of booster which injects higher voltageinto 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
generatorsinstead of using abooster. Such amethod isnot practicablefor feedersof 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 hasthe voltage at the supply end maintained at 500 V. Theline
is3kmlong. 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 temper a-
ture as 0-5 Q/km.

»
»
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Solution.

Total resistance of line =05x3=15Q
F.L. voltage drop in theline = 15x120=180V
O Terminal voltage of booster = 180 V
_ 120 %180 _
Output of booster = 1000 kW =21.6 kW

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

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 agreat 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
(if) the*voltageV at the consumer’sterminalsisthe same
(iii) thedistance of transmission isthe same
(iv) theefficiency of transmission (and hence losses) is the same
(v) the 3-wire systemisbalanced i.e. no current in the neutral wire
(vi) theareaof X-section of neutral wireis half the cross-section of outersin 3-wire system
Let R, = resistance of each conductor in 2-wire system
R; = resistance of each outer in 3-wire system
Current through outersin case of 3-wire systemis
= P2V
Total lossin two outers 215 Ry =2 (PI2V)° R,
Current in 2-wiresystem, 1, = P/V
Total loss 21%,R,=2 (PIVY’R,
Since efficiency of transmission is the same, it means losses are the samei.e.
2(PR2V)*R, = 2 (PIV)*R,
0 R, = 4R,
Therefore, the area of X-section of outersin 3-wire case will be one-fourth of each conductor in
2-wire case.

I3

Let a = areaof X-section of each conductor is 2-wire case
Then a/4 = areaof X-section of each outer in 3-wire case
and a/8 = areaof X-section of neutral wire [assumption (vi) above]

If I isthe length of the line, then,

Volume of Cu for 3-wire system I (2 + 24 2) = 24

4 4 8 8

Volume of Cu for 2-wire system =l(a+a)=2al
Volume of Cu for 3-wire system _ §a 1 _5
Volume of Cu for 2-wire system 8 2al 16

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 syst :|9+9+9):§|
'olume of Cu for 3-wire system (4 1t 1 a
Volume of Cu for 2-wire system =l(a+a)=2al

*  Notethat 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 3

Principles of Power System

1 3

= ~alx or 37-5%

Volume of Cu for 2-wire system 4 2al ~— 8

13.15 Ground 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 thisis not done and a second ground
fault happens, ashort circuit occurs. Lampsaregeneraly used
for the detection of ground faults. They are connected for un-
grounded 2-wire system as shown in Fig. 13.66. Each lamp

To Load

Fig. 13.66

should have avoltagerating equa to thelinevoltage. Thetwo lampsin series, being subjected to half
their rated voltage, will glow dimly. If aground fault occurs on either wires, the lamp connected to
the grounded wire will not glow while the other lamp will glow brightly.

SELF - TEST

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

0]

(i)
(iii)
(iv)

V)
(Vi)

(vii)
(viii)
(ix)
()

In a singly fed distributor, if fault occurs on any section, the supply to al consumers has to
be ...

A ring main distributor fed at oneend isequivalent to ............ fed at both ends with equal voltages.
A distributor is designed from ............ considerations.

The point of minimum potential of auniformly loaded distributor fed at both ends with equal volt-
ages will occur &t ............

The d.c. interconnector isused ............ the voltage drops in the various sections of the distributor.

Ina3wired.c. system, theload on +ve side is 400A and on negative sideit is300A. Then current
in neutral wireis............

In abalanced 3-wire d.c. system, the potential of neutra is............ between that of outers.
A booster isused to ............ voltage drop in feeders etc.
Balancer set is used to maintain voltage on the two sides of the neutra ............

In abalanced 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 wordsfigures from brackets and fill in the blanks.

0]

(i)

(iii)

The voltage drop in adoubly fed distributor is............. than the equivalent singly fed distributor.
(less, more)
In a 3-wire system, the area of X-section of neutral isgeneraly ............ of either outer.
(half, double)
If ina3-wired.c. system, the current in the neutral wireis zero, then voltage between any outer and

neutral is ............ (the same, different)
(iv) A booster isconnected in ............ with the feeder. (series, parallel)
(v) For exact compensation of voltage drop in the feeder, the booster must work on ............ portion of
itsV —1 characteristic. (linear, non-linear)
(vi) The balancer machine connected to the heavily loaded side works asa............. (generator, motor)
ANSWERS TO SELF-TEST
1. (i) shutoff (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) haf (iii) the same (iv) series (v) linear (vi) generator
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CHAPTER REVIEW TOPICS

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

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

Derive an expression for the voltage drop for auniformly loaded distributor fed at one end.
What is the purpose of interconnector in ad.c. ring main distributor ?

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

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

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.

Explain the use of rotary balancer in a 3-wire d.c. distribution system.
9. What is abooster ? With aneat diagram, explain how it can be used on a feeder.
10. Write short notes on the following :
(i) Ring main distributor
(if) Current distribution in a 3-wire d.c. system
(iii) Balancers

No g~ NRE

©

DISCUSSION QUESTIONS

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

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

. Which points of d.c. ring main should be connected through interconnector ?
Can we use compound generator as a booster ?

Why do we use a balancer set ?

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

o U WN R




CHAPTER

14

A.C. Didgribution

Introduction

n the beginning of electrical age, electricity

I 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
o . machinery, which in most cases was too expen-
14.1 A.C. Digtribution Calculations sive. With the development of transformer by

14.2  Methods of Solving A.C. Digtribution ~ George Westinghouse, a.c. system has become

Problems o predominant asto maked.c. system practically

extinct in most parts of the world. The present

14.3  3-Phase Unbalanced L oads day large power system has been possible only
14.4  Four-Wire Star-Connected Unbal- due to the adoption of a.c. system.

anced Loads Now-a-days, electrical energy is generated,

transmitted and distributed in the form of alter-

14.5 Ground Detectors nating current as an economical proposition. The

electrical energy produced at the power stationis
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
partsviz. 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

356



A.C. Distribution 357

situated near consumers’ localities. Each distribution transformer steps down the voltage to 400 V
and power isdistributed 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.

14.1 A.C. Distribution Calculations

A.C. distribution calculations differ from those of d.c. distribution in the following respects:
(i) Incaseof d.c. system, the voltage drop is dueto resistance alone. However, in a.c. system,
the voltage drops are due to the combined effects of resistance, inductance and capacitance.
(if) Inad.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) Inana.c. system, power factor (p.f.) hasto betaken into account. Loadstapped off form the
distributor are generally at different power factors. There are two ways of referring power
factorviz

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

(b) It may bereferred to the voltage at the load point itself.

Thereare severa waysof solving a.c. distribution problems. However, symbolic notation method
has been found to be most convenient for this purpose. Inthismethod, voltages, currents and imped-
ances are expressed in complex notation and the cal cul ations are made exactly asin d.c. distribution.

14.2 Methods of Solving A.C. Distribution Problems

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) wr.t. to load voltage itself. Each case shall be discussed separately.

(i) Power factors referred to receiving end A R,+jX, C R, +iX, B
voltage. Consider an a.c. distributor AB with con- / * *

centrated loads of 1, and |, tapped off at points C and
B as shown in Fig. 14.1. Taking the receiving end
voltage V asthe reference vector, let lagging power
factorsat C and B be cos ¢, and cos @, wr.t. V. Let
R, X; and R,, X, be the resistance and reactance of Fig. 14.1
sections AC and CB of the distributor.

I;, cos o, I,, cos ¢,

Impedanceof sectionAC,  Z,c = R;+j X,

Impedance of sectionCB,  Zsg = R,+j X,

Load current at point C, I, = 1,(cos@ —jsing)
Load current at point B, E = l,(cos@,—jsng)
Current in section CB, Ts = X =1,(cos@,—jsin@,)
Currentin sectionAC, Tho = |_1’+E

= 1, (cos@, —jsing)+1,(cos@,—jsing)
VoltagedropinsectionCB, Vg = g Zcg =1,(cos@, —jsing,) (R, +]j X,)

VoltagedropinsectionAC, Vic Tac Zpc = (E +E) Zc
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[l (cos@ —jsing)+1,(cos@,—jsin@)] [R, +]X]]

Sending end voltage, Vo = Ve +\s +Vae
Sending end current, Ty =L+,

Fig. 14.2

Thevector diagram of the a.c. distributor under these conditionsisshownin Fig. 14.2. Here, the
receiving end voltage Vg is taken as the reference vector. As power factors of loads are given wir.t.
Vg, therefore, 1, and |, lag behind V5 by @, and @, respectively.

(if) Power factorsreferred to respective load voltages. Suppose the power factors of loadsin
the previous Fig. 14.1 are referred to their respective load voltages. Then ¢, is the phase angle
between V. and |, and @, is the phase angle between V and |,. The vector diagram under these
conditionsis shown in Fig. 14.3.

Fig. 14.3

Voltage dropin sectionCB = T, Zcg =1, (cos@,—j sin@) (R, +]j X,)
Voltage at point C = Vj + Dropinsection CB=V. 0 a (say)

Now I, =1, 0-@ wrtvoltageV.

O Tl =1,0-(p,—a) wirtvoltageVy
ie Tl = 1, [cos(@, —a) —jsin(q —a)]
Now Te = 1+1,



A.C. Distribution 359

I, [cos (@, —a) —jsin(p, —a)] +1,(cos®,—jsing,)
Voltage drop in section AC = Tpe Zac
O Voltage at point A = Vg + Dropin CB + Dropin 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

(if) 200 A at 0-8 p.f. lagging 300 m from point A

Theload resistance and reactance of the distributor is0:2 Q and 0-1 Q per kilometre. Calculate
the total voltage drop in the distributor. The load power factorsrefer to the voltage at the far end.

Solution. Fig. 14.4 showsthe single line diagram of the distributor.

Impedance of distributor/km = (02+j01Q
A 200 m C 109 m B
I,=100 A 1,=200 A
cos ¢, =0-707 lag cos ¢,=0-8 lag
Fig. 14.4

Impedance of section AC, a = (0-2+j 0-1) x 200/1000 = (0-04 +j 0:02) Q

Impedance of section CB, ZTB = (0-2+j 0-1) x 100/1000 = (0-02 +j 0:01) Q
Taking voltage at the far end B as the reference vector, we have,

Load current at point B, I, = 1,(cos@,—jsing,)=200(0-8-j0-6)
= (160-j 120) A

Load current at point C, I_l' = |, (cos @, —jsin@,) =100 (0-707 —j 0-707)
= (70.7-j 707) A

Current in section CB, Teg = 1, =(160-j 120) A

Current in section AC, Te = 1, +1, =(70.7 - 70-7) + (160 — j 120)

= (2307 -} 190-7) A
Voltagedropin sectionCB, Vg = Icp Zep = (160 —j 120) (0-02 +j 0-01)
= (44-j0-8) volts
Voltage drop in section AC, Vae = Te Zae = (230:7 —j 190-7) (0-04 + j 0:02)
= (13:04 - 3:01) volts
Vac +Ves =(13:04-j 3.01) + (44-j 08)
(17-44 - j 3-81) volts
Magnitude of drop V@734 + 3BY? =17.85V

Example 14.2. A single phase distributor 2 kilometreslong supplies a load of 120 A at 0-8 p.f.
lagging at itsfar end and a load of 80 A at 0-9 p.f. lagging at its mid-point. Both power factors are

Voltage drop in the distributor
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referred to the voltage at the far end. The resistance and reactance per km (go and return) are
0:05 Q and 0-1 Q respectively. If the voltage at the far end is maintained at 230 V, calculate :

(i) voltage at the sending end

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

Solution. Fig. 14.5 showsthe distributor AB with C as the mid-point
Impedance of distributor/km = (0:05+j01) Q

Impedance of section AC, Znc = (0-05 +j 0:1) x 1000/1000 = (0-05+j 0-1) Q
Impedance of sectionCB,  Zcg = (0-05 +j 0-1) x 1000/1000 = (0-05 +j 0-1) Q

A 1000 m C 1090 m B
I[=80A L=120A
cos ¢, =0-9lag cos ¢, =0- 8 lag
Fig. 14.5

Let the voltage Vy at point B be taken as the reference vector.

Then, Vg = 230+j0

(i) LoadcurrentatpointB, 1, = 120(0-8-j06)=96-j 72
Load current at point C, 1, = 80(0-9 - 0-436) = 72 —j 34-88

Current in section CB, T = 1,=96-j72

Current in section AC, Tpe = I, +1, =(72-34:88) + (96 - 72)
= 168 - 106-88

Drop in section CB, Ves = leg Zes = (96— 72) (005 +j 0-1)
= 12+j6

Drop in section AC, Vae = Tae Zae = (168 -] 106-88) (0-05 +j 0-1)
= 19.08 +j 11-45

0 Sending end voltage, Vi = Vg +Vg + Ve
= (230+] 0) + (12 +] 6) + (19.08 + | 11.45)
= 261.08 +j 17.45

Its magnitudeis J(261108)? + (17125)? = 26167V

(ii) The phase difference 6 between V, and Vgisgiven by :

_ 1785 _
tnd = S == = 00668
0 8 = tan 100668 =382°

Example 14.3. A single phase distributor one km long has resistance and reactance per con-
ductor of 0-1 Q and 0-15 Q respectively. At thefar end, the voltage Vg = 200V and the current is 100
Aat ap.f. of 0-8 lagging. At the mid-point M of the distributor, a current of 100 A istapped at a p.f.



A.C. Distribution 361

of 0-6 lagging with reference to the voltage V,, at the mid-point. Calculate:
(i) voltage at mid-point
(ii) sending end voltage V,
(iii) phase angle between V, and Vg
Solution. Fig. 14.6 showsthe singleline diagram of the distributor AB with M asthe mid-point.
Total impedance of distributor = 2(01+j 015 =(02+j0-3) Q

Impedance of section AM,  Z,,, = (0-1+j015) Q

Impedance of section MB,  Zyz = (0-1+j0:15) Q
Let the voltage V, at point B be taken as the reference vector.

Then, Vg = 200+j0
A 500 m I!I 50£) m B
I,=100 A =100 A
cos ¢, =0-6 lag cos ¢,=0-8 lag
Fig. 14.6

(i) Load current at point B, G = 100(0-8-j0-6)=80-j 60

CurrentinsectionMB, T, = I, =80-] 60

Drop in section MB, Ve = Tws Zwe
= (80-j 60) (0-1+j015) =17+ 6
0 Voltage at point M, Vy = Vg +Vys =(200+] 0) + (17 + 6)
= 217+)6
Itsmagnitudeis = J(217)% +(6)* = 2171V

tan™* 6/217 = tan * 0-0276 = 1.58°

Phase angle between V,, and Vg, a
(i) The load current I, has a lagging p.f. of 0-6 w.rt. V,,. It lags behind V,, by an angle
@ =cos " 06 =5313°
0 Phaseangle between |, and Vg, @', = @, —a =53-13° - 1.58 = 51.55°

—

Load current at M, I; = 1,(cos@’ —jsing,) =100 (cos 51-55° —j sin 51.55°)
= 622783

Current in section AM, Ty = l,+1, =(622~j783) + (80 - j 60)
= 142-2-j 1383

Drop in section AM, Vi = Tay Zay = (1422 -] 138:3) (0-1 +] 0-15)
= 3496+ 75

Sending end voltage, Vi = Vy +Vay = (217 +] 6) + (3496 + ] 7:5)
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= 251.96 +j 135

Its magnitudeis = \/(251[96)2 +(138)° =252.32V
(iii) The phase difference 6 between V, and Vg isgiven by :
tan® = 13-5/251.96 = 0-05358

0 ® = tan " 0.05358=3.07°

Hence supply voltage is 252-32 V and leads Vg by 3-07°.

Example 14.4. A single phasering distributor ABC isfed at A. Theloadsat 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) showsthering distributor ABC. Thevenin’'stheorem 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).

14)2
20 A : 15 A 20 A 15 A
0-8 lag 0-6 lag 0-8 lag 0-6 lag
i ii
® Fig. 14.7 (@)

Referring to Fig.14.7 (ii), we have,
Current in section AB

20(0-8-j0.6)=16-j 12

Current in section AC 15(06-j08)=9-j12

Voltage drop in section AB (16-j12)(1+j1)=28+j4

Voltage drop in section AC = (9-j12)(1+j3)=45+j 15

Obvioudly, point Bis at higher potential than point C. The p.d. between B and Cis Thevenin's
equivalent circuitem.f. Eji.e.

Thevenin'sequivalent circuitem.f,, E; = p.d. betweenBand C
(45+j15)-(28+j4)=17+j11
Thevenin's equivalent impedance Z, can be found by looking into the network from points B and

C.
Obvioudly, Z, = 1+j)+(1+j3)=2+j4
O CurrentinBC = Eo
Z, + Impedance of BC

17+j11  _17+j11
T (2+j4)+@1+j2) 3+6

= 2:6-j1.53=3F 3048°A

CurrentinAB = (16 —j 12) + (26 —j 1-53)
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Current in AC

Current fed at A

18-6 - j 13-53 = 233 36:03°A
(9-j12)- (26 -j 1:53)

6-4 —j 10-47 = 12.273F 5856°A
(16-j12)+(9-j 12)

25 - j 24 = 34.6501-43-83°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 isto be maintained at 400 V, what should be the voltage at point A ? The
resistance and reactance of the line are 1Q and 0-5Q per phase per kilometre respectively.

Solution. Itisconvenient to consider one phase only. Fig.14.8 showsthe singleline diagram of
the distributor. Impedance of the distributor per phase per kilometre= (1 +j 0-5) Q.

Impedance of section AC, ZTC = (1+j0:5) x 600/1000=(0-6 +j 0-3) Q
Impedance of section CB, Z?B = (1+j0:5) x400/1000= (04 +j 0-2) Q
A eom  © W
/
[,=5A I,=14-08 A
cos ¢, =0-8 lag cos ¢, =0-85 lag
Fig. 14.8

Phase voltage at point B, Vg = 400/4/3 =231V
Let the voltage V at point B be taken as the reference vector.
Then, Vg = 231+j0
Line current at B = - H.P. x 74 —
/3 x line voltage x p.f. x efficiency
10 x 746
= JBxa00x0@5x0@  HOBA
0 *Current/phase at B, I, = 1408 A
Load current at B, G = 1408 (0-85-j0527)=12-j 74
Load current at C, I, =5(08-j06)=4-j3
Current in section AC, I =T +1,=(4-j3)+(12-j74)
= 16-j104
Current in section CB, I, =T,=12-j74
Voltage drop in CB, Ves = TeeZes = (12— 7-4) (04 +) 02)
= 6:28-) 056
Voltage drop in AC, Vac = TacZac =(16 - 10-4) (06 +j 0-3)

1272 - 144

*  Ina3-phase system, if the type of connection is not mentioned, then star connection is understood.
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Voltage at A per phase, Va = Vg +Ves +Vac
= (231+]0) + (628 -] 0-56) + (12:72 — j 1-44)
= 250-j2

Magnitude of V,/phase = J(250)% + (2)* =250V

0 Linevoltageat A V3 x250=433V

Example 14.6. A 3-phasering 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+j0-6) Q ; SectionBC= (1-2+j0:9) Q

SectionCD = (0-8+j 0:5) Q ; SectionDA= (3+j2) Q

Calculate the currentsin various sections and station bus-bar voltages at B, C and D.

Solution. Fig.14.9 shows one phase of thering main. The problem will be solved by Kirchhoff’s
laws. Let current in section AB be (X +j y).

0 Currentin section BC, E’ = (Xx+jy)—-50(0-8-j06)=(x—40)+j (y+30)

Current in section CD, Tog = [(x—40) +j (y+30)] - [120 +] O]
= (x—160) +j (y + 30)

Current in section DA, E = [(x—160) +j (y + 30)] —[70 (0-866 — j 0-5)]
= (x—220:6) +j (y+ 65)

Drop in section AB = s Zps = (X+]y) (1 +]06)
= (x-0-6y) +] (06x+Yy)

Drop in section BC = Toc Zac

[(x-40) +j (y+30)] [(1-2+] 0-9)]
= (12x-09y-75) +j (09x + 12 y)

11 kv
Supply
A
B D
1+j06 3+j2
50A «—  ,70A
08 lag 12+j09 0-8+05 0-866 lag
C l
120 A
Unity p.f.

Fig. 14.9
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Dropinsection CD = E Z_CD)
[(x=160) +j (y+ 30)] [(0-8 +] 0-5)]
(0-8x — 0-5y — 143) +j (0-5x + 0-8y — 56)
Ton Zoa
[(x—220:6) +j (y + 65)] [(3+] 2)]
= (3x—2y—791-8) +| (2x + 3y — 246-2)

Applying Kirchhoff’s voltage law to mesh ABCDA, we have,

Dropin AB + Drop in BC + Drop in CD + Dropin DA=0
or [(x—0-6y) +] (0-bx +y)] + [(1-2x ~ 0-9y = 75) +] (0-9x + 1-2y)]

+[(0-8x — 0-5y — 143) +j (0-5x + 0-8y — 56)]
+[(Bx—2y—791-8) +j (2x+ 3y — 246-2)] =0

Drop in section DA

or (6x — 4y — 1009-8) +j (4x + 6y — 302-2) =0
Astherea (or active) and imaginary (or reactive) parts have to be separately zero,
O 6x —4y - 10098 = 0
and Ax+6y—-3022 =0

Solving for x and y, we have,

x
1

1397A ; y=-428A
(1397 -] 42:8) A

Current in section AB

Current in section BC = (x—-40)+j (y+30)
= (139:7-40) +j (- 42-8+30) =(99:7 -] 12:8) A
Current in section CD = (x-160) +j (y + 30)

= (139:7 - 160) +j (- 428 + 30)
= (-203-j12:8) 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, V, = 11000/./3 = 6351 V/phase
0 Voltage at station B, Vo =V, -T8Zm
= (6351+)0) —(139:7-)42:8) (1+] 0:6)
= (6185-62 —j 41-02) volts/phase
Voltage at station C, Ve = Vg -Tge Zae
= (6185:62 —j 41-02) — (99-7 - 12:8) (1.2 +] 0-9)
= (6054-46 — j 115-39) volts/phase
Voltage at station D, Vo = Ve -Tgp Zep

(6054-46 —j 115-39) — (-20-3 —j 12:8) x (0-8 +j 0-5)
= (6064-3 —j 95) voltgphase
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TUTORIAL PROBLEMS

1. A singlephasedistributor AB hasatotal impedance of (0-1 +j 0-2) ohm. Atthefar end B, acurrent of 80
A at 0-8 p.f. lagging and at mid-point C acurrent of 100 A at 0-6 p.f. lagging are tapped. |f the voltage of
the far end is maintained at 200 V, determine :

(i) Supply end voltage V,
(ii) Phase angle between V, and Vg
The load power factors are w.r.t. the voltage at the far end. [(1) 227-22V (i) 2°31]

2. Asingle-phasea.c. distributor AB isfed from end A and has atotal impedance of (0-2 +j 03) ohm. Atthe
far end, the voltage Vg = 240 V and the current is 100 A at ap.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 V,, at the mid-point.
Calculate the supply voltage V, and phase angle between V,, and Vg. [292V, 2-67]

3. A single phasering distributor ABC isfed at A. Theloadsat B and C are40 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 CAare2 +j1, 2 +j3 and 1 +j2 ohms respectively. Deter-
mine the current in each section.

[Current in AB = (39-54 =] 25-05) amp ; BC = (7-54 = 1-05) amp ; CA = (28-46 — j 46-95) amp.]

4. A 3-phasering 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 :
SectionAB=(1+j2) Q ; SectionBC=(2+)3) Q
SectionCD =(1+j 1) Q ; SectionDA=(3+j4) Q

Calculate the currents in various sections and station bus-bar voltages at B, C and D.
[Currentin AB = (53-8 —j 46) amp ; BC = (21-8 = 22) amp.
CD = (-13:55 +j 13-35) amp ; DA = (-40-55 - j 26-45) amp.
Vg = (6212-5 - j 61-6) volts/phase ; V. = (6103 —j 83) voltsphase
Vp, = (6129-8 — j 82:8) volts/phase]

=
Phase Sequence Indicator

14.3 3-Phase Unbalanced Loads

The 3-phaseloadsthat have the same impedance and power factor in each phase are called balanced
loads. The problemson balanced |oads 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 :
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(i) Four-wire star-connected unbalanced |oad
(if) Unbalanced A-connected load
(iif) Unbalanced 3-wire, Y-connected load

The 3-phase, 4-wire system iswidely 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-phaseload is connected acrossthethreelines. The 3-phase, 4-wire system invariably carries*un-
balanced loads. In this chapter, we shall only discuss this type of unbalanced load.

14.4 Four-Wire Star-Connected Unbalanced Loads

We can obtain thistype of load intwo ways. First, we may connect a 3-phase, 4-wire unbalanced load
to a3-phase, 4-wire supply asshownin Fig. 14.10. Notethat 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
becauseit israrely possible that single phase loads on all the three phases have the same magnitude
and power factor. Sincetheload is unbalanced, the line currents will be different in magnitude and
displaced from one another by unequal angles. The currentin the neutral wirewill bethe phasor sum
of thethreeline currentsi.e.

Current in neutral wire, Iy = Igtlytlg ...phasor sum

[ |

Iy=1L+L+I1

Fig. 14.10 Fig. 14.11

The following points may be noted carefully :

(i) Sincetheneutral wire hasnegligibleresistance, 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
unegual impedances.

(if) Theamount 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 isequal to or smaller than one of theline 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 balanceis lost. It is because it israrely possible that single
phase loads on all the three phases have the same magnitude and power factor.

** |nactua 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. Thisisacase of unbalanced load so that the line currents (and hence the phase cur-

rents) inthe threelineswill 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.

> R

N
FOIO—> * Y
> » B
IB IY IR
5 kW 8 kW 10 KW
NEUTRAL WIRE
> . N
IN
Fig. 14.12
0) Phasevoltage = 400/+/3 =231V

10 x 10%/231 = 43-3 A

8x 10%231 =346 A

5x 10%231 = 2165 A

(if) Thethreelines currents are represented by the respective phasorsin Fig. 14.13. Note that

thethreeline currents are of different magnitude but displaced 120° from one another. Thecurrentin
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 I, cos 30° - I 5 cos 30°

34-6 x 0-866 — 21-65 x 0-866 = 11-22 A
Resultant vertical component = Iz =1, cos60° - I cos 60°
43.3-346x05-21-65x05=152A
Asshownin Fig. 14.14, current in neutral wireis

Iy = {1122)% + (1512)% =189A
A1,=433A

Ig=2165A

I,=346A
Fig. 14.13 Fig. 14.14

*

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
lampsis userequire 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 thereislamp load alone, theline currentsin phasesR,Y and B are 70 A, 84
Aand 33 Arespectively. These currentswill be 120° apart (assuming phase sequence RYB) as shown
inFig.14.16.

1 Motor
1
Y > iada 84 A
Fig. 14.15 Fig. 14.16
Resul tant H-component = 84 cos30° - 33 cos30° = 44-17 A
Resultant V-component = 70-33cos60° - 84 cos 60° = 115 A
O Neutral current, Iy = \/(44 [17)? + (1105)* = 4564 A

Both lamp load and motor load

When motor load isal so connected along with lighting load, therewill be no changein currentin
the neutral wire. It isbecause the motor load is balanced and hence no current will flow inthe neutral
wire due to thisload.

0  Neutral current, Iy = 4564A ...same as before
The current in each lineis the phasor sum of the line currents due to lamp load and motor load.
Active component of motor current 200 x cos@,,= 200 x 0-2=40 A
Reactive component of motor current 200 x sin@,, =200 x 0-98 = 196 A

0 g

\/ (sum of active comp.)® + (reactive comp.)®

40 +70)* +(196)? = 2248 A

1
= <2

(
(40 +84)% +(196)” =232 A
(

o
1
=

40 +33)” +(196)° =209-15 A

Power supplied
Power supplied to lamps

230 (70+84+33) x1=43010W (-~ cosq = 1)
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V3 VI cosq,
J/3 X400 x 200 x 0-2 = 27712 W

Example 14.9. Thethreelineleads of a 400/230V, 3-phase, 4-wire supply are designated asR,
Y and B respectively. Thefourthwireor neutral wireisdesignated asN. The phase sequenceisRYB.
Compute the currentsin the four wires when the following loads are connected to this supply :

FromRtoN : 20 kW, unity power factor
FromYtoN : 28.75kVA, 0-866 lag
FromBtoN : 28-75kVA, 0-866 lead
If the load from B to N is removed, what will be the value of currentsin the four wires ?

Power supplied to motor

R Iy
230V 20 kW, PF = 1
1
& N
400V

2875 kVA
0-866 lag
2875 kVA
0-866 Lead

Fig. 14.17 Fig. 14.18

Solution. Fig. 14.17 shows the circuit diagram whereas Fig.14.18 shows its phasor diagram.
The current I isin phase with Vg, current |, lags behind its phase voltage V., by cos *0-866 = 30°
and the current | ; leadsiits phase voltage Vg, by cos " 0-866 = 30°.

20 x 10%230 = 89:96 A
28.75 x 10230 = 125 A
28.75 x 10%/230 = 125 A

Thecurrent inthe neutral wirewill be equal to the phasor sum of thethreeline currentsl, I, and
Ig- 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 30° — 125 cos 30°
86:96 — 10825 — 108-25 = — 129:54 A
0+125sin30°-125sin30°=0

Resultant Y-component

O Neutral current, Iy = (-129054) +(0)? = 129-54A

When load from B to N removed. When the load from B to N is removed, the various line
currentsare:

I =86:96A inphasewith Vi, ; |, =125A lagging V., by 30° ; Ig=0A

The current inthe neutral wireis equal to the phasor sum of thesethreeline currents. Resolving
the currents along x-axis and y-axis, we have,

Resultant X-component 86-96 — 125 cos 30° = 8696 — 10825 = — 21-29 A

Resultant Y-component 0-125sn30°=0-125x0-5=-625A

O Neutral current, Iy = (- 2129)° +(-6218) =6603A
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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 is0:2 Q. 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. Thecircuit diagramisshownin Fig. 14.19. Sinceneutral ishalf the cross-section, its
resistanceis0-4 Q. Considering theload end and taking V asthe reference vector, the phase voltages

can bewrittenas:

Vg =2300 0°volts ; Vy =230 0 -120° volts ; V =230 0 120° volts

R

o

020 R

30 A
0-866 lag lVH

0-866 lead

020Q 11

02Q 13

The vector diagram of the circuit is shown in Fig. 14.20. The line
current |, lags behind Vg by an angle cos ' 0:866 = 30°. The current Iy
leads V,, by 30° and the current | is in phase with V. Referring to the
vector diagram of Fig.14.20, the line currents can be expressed as:

—
Ir

—

ol <

!

Current in neutral wire,

pzd

>

Fig. 14.19

30 0 - 30° amperes
30 0 - 90° amperes
30 0 120° amperes

—_ - —

g+ 1y +1g Fig. 14.20
30 30°+300-90°+ 300 120°

30 (0-866 — j 0-5) — 30 (j) + 30 (- 0-5 + j 0-866)
10-98 - j 19:02

L et the supply voltage of phase R to neutral be E?. Then,

—

Er

\TF; + Drop in R phase + Drop in neutra

(230+j 0) + 0-2x 30 0 — 30° + (10-98 — j 19:02) x 0-4
230 + 6 (0-866 — j 0-5) + 0-4 (10-98 — j 19-02)

239-588 - j 10-608

239-8 0 —2.54° volts
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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 wattsis 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 L, of 100 watts is connected
between phase R and neutral whereas lamp L, of 150 wetts is connected between phase Y and the
neutral.

230)°
Resistance of lamp L,, R, = ( 103 =529Q
. (230)
Resistance of lamp L,, R, = 150 - 352-67 Q

—

100 W 400V R, =529 Q

R o R °
230V L, (%
* N——o
210 v Lo C% 150 W Neutralf C% R, = 352:67 Q
A 4

>

<

disconnected

Y Y
B B
0] (i)
Fig. 14.21

When the neutral wireisdisconnected asshownin Fig. 14.21 (ii), thetwo lampsare connected in
series and the p.d. across the combination becomes equal to the line voltage E; (=400 V).

B 400
Current through lamps, | = R+R =529+ 352067 - 0454 A

Voltage acrosslamp L, | R, =0:454 x 529 = 240 V
Voltage acrosslamp L, = | R, =0-454 x 352:67 = 160 V
Comments. The voltage across 100-watt lamp isincreased 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 happensto be rated at 230 V, it may burn out due to
240V coming acrossit.

TUTORIAL PROBLEMS

1. Non-reactiveloads of 10 kW, 6kW and 4 kW are connected between the neutral and red, yellow and blue
phases respectively of a3-phase, 4-wire 400/230V supply. Find the current in each line and in the neutral
wire. [IR=433A;1,=26A;15=173A; | =229A]

2. Afactory hasthefollowing loadswith apower factor of 0-9 lagging in each case. Red phase40 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. Ina3-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 suppliesalighting 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. Ground Detectors
Ground detectors are the devicesthat are used to detect the ground fault for ungrounded a.c. systems.
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When aground fault occurson such asystem, immediatesteps g

should be taken to clear it. If thisis not done and a second L %
ground fault happens, a short circuit occurs. Y ' o
Fig.14.22 shows how lamps are connected to an un- g [ [ A
grounded 3-phase system for the detection of ground fault. If
ground fault occurs on any wire, the lamp connected to that LampCE Lampé La”‘"é
wire will be dim and the lamps connected to healthy (un- =
grounded) wire will become brighter. Fig. 14.22
SELF - TEST
1. Fill in the blanks by inserting appropriate words/figures.
(i) Themost common system for secondary distribution is400/..... V, 3-phase, ......... wire system.
(if) Ina3-phase, 4-wire a.c. system, if the loads are balanced, then current in the neutral wireis.........
(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 wordsfigures from brackets and fill in the blanks.
(i) 3-phase, 4-wire a.c. system of distribution isused for .............. load. (balanced, unbalanced)
(if) Inabaanced 3-phase, 4-wire a.c. system, the phase sequence is RY B. If the voltage of R phase =
230 00 0° volts, then for B phase it will be............... (230 0 - 120° volts, 230 O 120° volts)

(iii) Inac. system, additions and subtractions of currents are done..............
(vectorially, arithmetically)
(iv) Theareaof X-section of neutral isgeneraly .............. 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-TEST
(i) 230, 4 (ii) zero (iii) primary, secondary (iv) balanced (v) 3-phase 4-wire.
(i) unbalanced (i) 230 0120° (iii) vectorially (iv) haf (v) single phase 2-wire.

AL PR

CHAPTER REVIEW TOPICS

How does a.c. distribution differ from d.c. distribution ?
What is the importance of load power factorsin a.c. distribution ?
Describe briefly how will you solve a.c. distribution problems ?
Write short notes on the following :

(i) Difference between d.c. and a.c. distribution

(if) Systemsof a.c. distribution

SN -

DISCUSSION QUESTIONS
What are the undesirabl e effects of too much voltage variation on a distribution circuit ?
What are the effects of diversity factor on the maximum load of a distribution transformer ?
Where does the greatest current density occur in a distribution feeder ?
What is the controlling factor in determining the size of adistributor ?
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 Trangformer
15.10 Induction Regulators

15.11 Voltage Control by Synchronous
Condenser

Introduction

n a modern power system, electrical energy
I from the generating station isdelivered to the
ultimate consumers through a network of
transmission and distribution. For satisfactory op-
eration of motors, lamps and other loads, it isde-
sirablethat 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 alaw inthisregard. The statu-
tory limit of voltage variationis+ 6% of declared
voltage at consumers’ terminals.

The principal cause of voltage variation at
consumer’spremisesisthe changeinload onthe
supply system. When the [oad on the systemin-
creases, the voltage at the consumer’s terminals
falls due to the increased voltage drop in (i) a-
ternator synchronousimpedance (ii) transmission
line (iii) transformer impedance (iv) feeders and
(v) distributors. The reversewould happen should
the load on the system decrease. These voltage
variationsare undesirable and must bekept within
the prescribed limits (i.e. £ 6% of the declared
voltage). Thisis achieved by installing voltage
regulating equipment at suitable places in the

374
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power system. The purpose of this chapter isto deal with important voltage control equipment andits
increasing utility in thisfast developing power system.

15.1 Importance of Voltage Control

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 voltageis
6% above therated value, the life of the lamp may be reduced by 50% due to rapid deterio-
ration of the filament.

(if) 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 consegquent large magnetising current, heating and low power
factor. On the other hand, if the voltage istoo low, it will reduce the starting torque of the
motor considerably.

(iif) Too wide variations of voltage cause excessive heating of distribution transformers. This
may reduce their ratings to a considerable extent.

Itis clear from the above discussion that voltage variationsin 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.

15.2 Location of Voltage Control Equipment

Inamodern power system, there are several el ements 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 1oad
characteristics. For thesereasons, itis necessary to provide individual means of voltage control for
each circuit or group of circuits. In practice, voltage control equipment isused at :
(i) generating stations
(i) transformer stations
(iii) thefeedersif the drop exceeds the permissible limits

15.3 Methods of Voltage Control

There are several methods of voltage control. In each method, the system voltage is changed in
accordance with theload to obtain afairly constant voltage at the consumer’send of the system. The
following are the methods of voltage control in an *a.c. power system:
(i) By excitation control
(if) By using tap changing transformers
(i) - Auto-transformer tap changing
(iv) Booster transformers
(v) Inductionregulators
(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 atransmission line. We shall discuss each method separately in the next sections.

15.4 Excitation Control

When theload on the supply system changes, the terminal voltage of the alternator aso varies dueto
the changed voltage drop in the synchronous reactance of the armature. The voltage of the alternator
can bekept constant by changing the *field current of the alternator in accordance with theload. 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 regulatorsviz
(i) Tirril Regulator

(if) Brown-Boveri Regulator

These regulators are based on the “ overshooting the mark tprinciple” 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 morethan is ultimately necessary. Beforethe voltage hasthetime
toincreaseto the val ue corresponding to the increased excitation, the regulator reducesthe excitation
to the proper value.

15.5 Tirril Regulator

In this type of regulator, a fixed resistance is cut in and cut out of the exciter field circuit of the
aternator. Thisisachieved by rapidly opening and closing ashunt circuit acrossthe exciter rheostat.
For thisreason, it is aso known as vibrating type voltage regulator.

Congruction. Fig. 15.1 shows the essential parts of a Tirril voltage regulator. A rheostat R is
provided in the exciter circuit and itsvalue is set to give the required excitation. Thisrheostat 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.

Main contacts

Dk

Springs
Exciter Weight Main control
control
magnet . Relay
contacts

—lJ Capacitors

=

p72
Rheostat 1—«\—_E,ZE_£—|_

R

Alternator
Field Exciter Field Y

Fig. 15.1 Tirril Regulator

*  Asdternator has to be run at constant speed to obtain fixed frequency, therefore, induced em.f. of the
aternator cannot be controlled by the adjustment of speed.

T  Thealternator haslargeinductance. If the exciter voltageisincreased, thefield current will take sometime

to reach the steady value. Therefore, response will not be quick. However, quick responseis necessary to
meet the rapid fluctuations of load. For this reason, this principleis used.
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(i) Main contact. There are two levers at the top which carry the main contacts at the facing
ends. Theleft-hand lever iscontrolled by the exciter magnet whereastheright hand lever is
controlled by an a.c. magnet known as main control magnet.

(if) 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.

(iif) A.C. magnet. Itisalso of solenoid typeand isenergised froma.c. bus-bars. It carriesseries
aswell as shunt excitation. Thismagnet 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
thelimbs. 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. Therelay 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 isin thefield 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 pullsdown theright-hand lever to closethe main
contacts. Consequently, the relay magnet is * de-energised and releases the armature carrying the
relay contact. Therelay contacts are closed and the rheostat R in the field circuit is short circuited.
Thisincreasesthe exciter-voltage and hence the excitation of the alternator. Theincreased excitation
causesthe aternator voltageto rise quickly. At the sametime, the excitation of the exciter magnet is
increased dueto theincreasein exciter voltage. Therefore, the left-hand lever is pulled down, open-
ing the main contacts, energising the relay magnet and putting the rheostat R againin thefield circuit
before the alternator voltage hastimeto increase too far. The reverse would happen should theload
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%.

15.6 Brown-Boveri Regulator

Inthistype of regulator, exciter field rheostat isvaried continuously or in small stepsinstead of being
first completely cut in and then completely cut out asin Tirril regulator. For thispurpose, aregulating
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 cutsout or cutsin someresistance from the rheostat, thus changing the exciter and hence
the alternator voltage.

Congruction. 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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following four important parts:

(i) Control system. Thecontrol systemisbuilt onthe prin-
cipleof induction motor. It consistsof twowindings A
and B on an annular core of laminated sheet steel. The
winding A isexcited from two of the generator termi-
nals through resistances U and U’ while aresistance R
is inserted in the circuit of winding B. The ratio of
resistance to reactance of the two windingsare suitably
adjusted so as to create a phase difference of currents
in the two windings. Due to the phase difference of
currentsin thetwo windings, rotating magneticfieldis
set up. This produces electromagnetic torque on the
thin auminium drum C carried by steel spindle ; the
latter being supported at both ends by jewel bearings.
Thetorque on drum C varieswith the terminal voltage
of the alternator. The variable resistance U’ can also
vary thetorque on thedrum. If theresistanceisincreased, thetorqueisdecreased and vice-
versa. Therefore, the variableresistance U’ providesameans by which the regulator may be
set to operate at the desired voltage.

(if) 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.

Fig. 15.2

2 Damping R Y B

system

j%{ Alternator

Fig. 15.3

(iif) Operating system. It consists of afield rheostat with contact device. The rheostat consists
of apair of resistance elements connected to the stationary contact blocks C,. These two
resistance sectors R are connected in series with each other and then in serieswith thefield
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circuit of the exciter. On theinside surface of the contact blocks roll the contact sectors Cg,.
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) Dampingtorque. Theregulator ismade stable by damping mechanism which consistsof an
auminium 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 Sacting astherecall spring. If thereisachangein 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 isnormal at position 1. Inthisposition, the electrical torqueis counterbalanced by the mechani-
cal torque and the moving system isin equilibrium. It is assumed that electrical torque rotates the
shaft in aclockwise direction.

Now imagine that the terminal voltage of the alternator rises due to decrease in load on the
supply system. Theincreaseinthealternator voltagewill cause anincreasein electrical torquewhich
becomes greater than the mechanical torque. This causes the drum to rotate in clockwise direction,
say to position 3. Asaresult, moreresistanceisinserted in the exciter circuit, thereby decreasing the
field current and hence the terminal voltage of the alternator. Meanwhile, the recall spring Sis
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.

15.7 Tap-Changing Transformers

The excitation control method is satisfactory only for relatively short lines. However, it is *not
suitable for long lines as the voltage at the aternator terminals will have to be varied too much in
order that the voltage at the far end of theline 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 iscommonly employed where main transformer isnecessary. Inthismethod,
anumber of tappings are provided on the secondary of the transformer. The voltage drop in theline
issupplied 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 showsthe arrangement whereanum-
ber of tappings have been provided on the sec-
ondary. Asthe position of thetapisvaried, the Primary
effective number of secondary turnsis 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 Fig. 15.4
1, the secondary voltageisminimum and when
with stud 5, itismaximum. During the period of light load, the voltage acrossthe primary isnot 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 atapping is to be changed in this type of
transformer, the load is kept off and hence the name off 1oad tap-changing transformer.

3
P Movable arm
1

Secondary

* Inalong 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 showninFig. 15.4isthat it cannot be used

for tap-changing on load. Suppose for amoment that tapping is changed from position 1 to position

2 when the transformer is supplying load. If contact with stud 1 isbroken before contact with stud 2

ismade, 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 thisreason, the above circuit arrangement cannot
be used for tap-changing on load.

(if) 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. Thesec-
ondary consists of two equal parallel windings l l b
which havesimilar tappings1a......5aand 1b.......... a
5b. Inthe normal working conditions, switches a, 5a 5b
b and tappingswith the same number remain closed 4a 5 4b
and each secondary winding carriesone-half of the g al 8 g E
total current. Referring to Fig. 15.5, the second- 1 : o—§ 1b
ary voltage will be maximum when switches a, b E
and 5a, 5b are closed. However, the secondary .
voltage will be minimum when switchesa, b and  pyimary E Secondary
1a, 1b are closed.

Suppose that the transformer isworking with
tapping position at 4a, 4b and it is desired to alter Fig. 15.5

its position to 5a, 5b. For this purpose, one of the switchesaand b, say a, isopened. Thistakesthe
secondary winding controlled by switch aout of the circuit. Now, the secondary winding controlled
by switch b carriesthetotal current whichistwiceitsrated capacity. Then the tapping on the discon-
nected winding is changed to 5aand switch ais closed. After this, switch b is opened to disconnect
itswinding, tapping position on thiswinding is changed to 5b and then switch bisclosed. Inthisway,
tapping position is changed without interrupting the supply. Thismethod hasthe following disadvan-
tages:

(i) During switching, the impedance of transformer is increased and there will be a voltage

surge.
(if) There are twice as many tappings as the voltage steps.
- Auto-transformer

15.8 Auto-Transformer Tap-changing ] % or reacior

. . . a Tapping switch
Fig. 15.6 showsdiagrammatically auto-transformer
tap changing. Here, amid-tapped auto-transformer —’
or reactor isused. One of the linesis connected to 2
its mid-tapping. One end, say a of thistransformer 3
is connected to a series of switches across the odd 4 _
tappingsand the other end b is connected to switches 5
acrosseventappings. A short-circuiting switch Sis S

. L o o—

connected across the auto-transformer and remains Short circuiting
in the closed position under normal operation. In switch
the normal operation, thereis* no inductive voltage o — o
drop across the auto-transformer. Referring to Fig. Secondary Primary
15.6, it isclear that with switch 5 closed, minimum Fig. 15.6

*  Inthenormal operation, switch Sremains closed so that half thetotal current flowsthrough 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 acrossit.
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secondary turnsarein the circuit and hence the output voltage will bethe lowest. On the other hand,
the output voltage will be maximum when switch 1 is closed.

Suppose now it isdesired to alter the tapping point from position 5 to position 4 in order to raise
the output voltage. For this purpose, short-circuiting switch Sis opened, switch 4 is closed, then
switch 5 is opened and finally short-circuiting switch isclosed. In thisway, tapping can be changed
without interrupting the supply.

It isworthwhileto describethe electrical phenomenon occurring during thetap changing. When
the short-circuiting switch is opened, the load current flows through one-half of the reactor coil so
that thereisavoltage drop acrossthereactor. When switch 4 isclosed, the turns between points4 and
5 are connected through the whole reactor winding. A circulating current flows through this local
circuit but it islimited to alow value due to high reactance of the reactor.

15.9 Booster Transformer

Sometimesit isdesired to control the voltage of atransmission line at apoint far away from themain
transformer. This can be conveniently achieved by the use of abooster transformer as shownin Fig.
15.7. The secondary of the booster transformer is connected in series with the line whose voltageis
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 away that its second-
ary injectsavoltage in phase with the line voltage.

Booster

N A Feeder transformer

O

To
load
o B
Main Regulating
transformer transformer
Fig. 15.7

Thevoltage 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

o o @000 transformer  and )
@ booster transformer. .
ij; By changing the tap- ™ i
ping on the regulating Tl |
o transformer, the mag- ;
nitude of the voltage e :
Q injected into the line g 1
can be varied. This' =
o L JOo ,_...--""q

o permits to keep the

Fig. 15.8 voltage at BB tothede-
sired value. Thismethod of voltage control hasthree disadvantages.
Firstly, it is more expensive than the on-load tap-changing trans- Booster Transformer

former. Secondly, it isless efficient owing to losses in the booster and thirdly more floor space is
required. Fig. 15.8 shows athree-phase booster transformer.

*  The on-load tap-changing gear is omitted from the diagram for the sake of simplicity.
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15.10 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 avariable secondary voltage. The primary winding is con-
nected across the supply while the secondary winding is connected in series with the line whose
voltageisto be controlled. When the position of one winding is changed w.r.t. the other, the second-
ary voltageinjected into theline also changes. Therearetwo typesof induction regulatorsviz. single
phase and 3-phase.

o O 4 o}

Input A c

Input Output
D
B
O 0 O
) (i)
Fig. 15.9

(i) Single-phaseinduction regulator. A single phase induction regulator isillustrated in Fig.
15.9. In construction, it is similar to a single phase induction motor except that the rotor is not
alowed to rotate continuously but can be adjusted in any position either manually or by a small
motor. The primary winding AB iswound on the* stator and is connected acrossthe supply line. The
secondary winding CD iswound on therotor and is connected in serieswith thelinewhosevoltageis
to be controlled.

The primary exciting current produces an aternating flux that induces an alternating voltagein
the secondary winding CD. The magnitude of voltage induced in the secondary depends upon its
position wir.t. the primary winding. By adjusting the rotor to a suitable position, the secondary volt-
age can be varied from amaximum positive to amaximum negative value. Inthisway, 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.

(if) Three-phaseinduction 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
serieswith the line whose voltage is to be controlled.

° i
Stator
has Rotor
phase

winding

%\ Ttﬂ)‘( o QOutput
O L 2 ‘ O

Fig. 15.10

*  From electrical point of view, it isimmaterial whether the rotor or stator carries the primary winding.
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When polyphase currents flow through the primary wind-
ings, arotating field is set up which induces an em.f. in each
phase of rotor winding. Astherotor isturned, the magnitude of
therotating flux is not changed; hencethe rotor em.f. per phase
remains constant. However, the variation of the position of the
rotor will affect the phase of the rotor em.f. wr.t. the applied
voltage as shown in Fig. 15.11. The input primary voltage per
phase isz and the boost introduced by theregulator isV,. The
output voltage V is the vector sum of V,, and V. Three phase
induction regulators are used to regulate the voltage of feeders
and in connection with high voltage oil testing transformers.

15.11 Voltage Control by Synchronous 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 theline. The
synchronous condenser supplieswattlessleading kVA to the line depending upon the excitation of the
motor. Thiswattless leading k\VVA partly or fully cancels the wattless lagging kVA of the line, thus
controlling thevoltagedropintheline. Inthisway, voltage at thereceiving end of atransmissionline
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, and V,, be the per phase sending end
and receiving end voltagesrespectively. Let |, betheload current at alagging power factor of cos @,.

(i) Without synchronous condenser. Fig. 15.12 (i) shows the transmission line with resis-
tance R and inductive reactance X per phase. Theload current |, can be resolved into two
rectangular componentsviz|inphasewith V, and | at right anglesto V, [See Fig. 15.12
(ii)]. Each component will produce resistive and reactive drops; theresistive dropsbeingin
phase with and the reactive drops in quadrature leading with the corresponding currents.
The vector addition of these voltage dropsto V,, gives the sending end voltage V ;.

R X I Ig X

IPXA41
I,R

| —>
V1

(i) ! (ii)
Fig. 15.12
(if) With synchronous condenser. Now suppose that a synchronous condenser taking a lead-
ing current **| is connected at the receiving end of the line. The vector diagram of the
circuit becomesasshowninFig. 15.13. Notethat sincel,, and |, arein direct opposition and
that I,, must be greater than |, 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 aleading 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, | will lead V., by 90°.
m 2
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Locus of \
constant V, \

Fig. 15.13
(Im =1y Rinphasewith I,
and (Im = 1) X inquadrature leading with I

From the vector diagram, the relation between vV, and V, isgiven by ;
OE? = (OA+AB-DE)*+ (BC +CD)?
or Vi = Vot LR = (1= 1) X124+ [1X + (1, = 1) RI?
From this equation, the value of | , can be calculated to obtain any desired ratio of V,/V, for a
given load current and power factor.

3V, I,

kVAR ity of =
capacity of condenser 1000

Synchronous Condenser

Example 15.1. Aload of 10,000 kW at a power factor of 0-8 lagging is supplied by a 3-phase
line whose voltage hasto be maintained at 33kV at each end. If theline resistance and reactance per
phase are 5 Q and 10 Q respectively, calculate the capacity of the synchronous condenser to be
installed for the purpose. Comment on the result.

Solution.
3
Load current, |, = 10’000x§0 =218A
V3x33x10° x0 B
0 = 1,008 @, =218 x 0.8 = 174-4 A

lp
lq
R

I,sin @, =218 x 06 = 130-8 A
50;X=10Q
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Sending-end voltage/phase, V, = Receiving end voltage/phase (V)
33x10°
= ————=1 V
Ne 9,053
Let I, be the current taken by the synchronous condenser. Referring to Fig. 15.13,
(19,053)* = [19,053+ 1744 x 5-10 (1 - 130-9)]?
+[174-4x 10+ (I - 130-8)5)?

Solving this equation, we get, I, = 231A
. 3V, 3x19,053 x 231
= —<= M KWAR=—""T""""kVAR
Capacity of synchronous condenser 1000 1000
= 13,203 kVAR

Comments. This example shows that kVA capacity of the synchronous condenser is consider-
ably greater than the kVA capacity of theload viz 13203 against 10000/0-8 = 12,500. Since the cost
of synchronous condenser isusually very high, it would not be an economical proposition to havethe
same sending end and receiving end voltages. In practice, the synchronous condenser is operated in
such away so asto allow asmall drop intheline.

Example 15.2. A 3-phase overhead line has resistance and reactance per phase of 5 Q and 20
Q respectively. Theload 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 thisload condition if it is connected at
the receiving end and the line voltages at both ends are maintained at 33 kV.

Solution.
6
Load current, 1, = 25 x 10 =546[BA
/3 x33000 x0 8
0 l, = 1,c0s@,=546-8 x0-8=437-4A
ly = 1,sin@,=546-8x 0-6=3281A
R =5Q;X=20Q
Sending end voltage/phase, V, = Receiving end voltage/phase, V,,
33 x 10°
= =2 — =19053V
J3

Let I, be the current taken by the synchronous condenser. Then,
Vi = Vot LR = (I, =1 x X2+ [1X + (1, = 1)) RI?

or (19053)* = [19053 + 4374 x 5 (I —3281) x 20]°
+[437-4% 20+ (I, —328:1) x 5]°

Onsolving thisequation, weget, | = 579-5A

Capacity of synchronous condenser = 3\1/2T|m MVAR = 3% 19,0;33; SICIER 3313MVAR

TUTORIAL PROBLEMS

1. A 3-phaseline having an impedance of (5 + j 20) ohms per phase delivers aload of 30 MW at ap.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
voltageisto bemaintained at 33 kV at both ends. Determine the capacity of the synchronous condenser
to beinstalled at the receiving end. The impedance of thelineis (4 +j 12) ohms per phase.

[11490 kVAR]
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SELF - TEST

1. Fill in the blanks by inserting appropriate words/figures :
(i) Thestatutory limit of voltage variationsis............ of the declared voltage at consumer’s terminals.
(if) Inthe automatic voltage regulators used at the generating station, the ............ principle is used.
(i) Thevoltage variations in a Brown-Boveri regulator never exceed ............
(iv) InaTirril regulator, a............ resistanceiscut 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 atransmission line.
(viii) The principal cause of voltage variation is the change of ............ on the system.
(ix) InaTirril 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) Thevoltage control equipment isused at ............ in the power system.
(one point, more than one point)

(if) Themechanical control torquein aBrown-Boveri regulator is............ whatever may bethe position
of drum. (constant, variable)

(ili) The excitation control method is suitable only for ............ lines. (short, long)

(iv) 1tis.e. to maintain the same voltage at both ends of a transmission line by synchronous con-
denser method. (economical, not economical).

ANSWERS 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 TOPICS

Discuss the importance of voltage control in the modern power system.

What are the various methods of voltage control in a power system ?

Describe with the aid of neat sketch the construction and working of a Tirril regulator.
Explain the construction and working of Brown-Boveri regulator with a neat sketch.

. Describe the off-load tap changing transformer method of voltage control. What are the limitations of
the method ?

6. Explainwith aneat sketch:
(i) On-load tap-changing transformer
(if) 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 atransmission line. Illustrate your
answer with a vector diagram.

N

DISCUSSION 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 ?




CHAPTER

16

Introduction to Switchgear

General

great demand for electrical energy isa

A notable feature of modern civilisation.

Most of this energy is needed for light-

ing, heating, domestic appliances, industrial elec-

16.1 Switchgear trical machinery and electric traction. The im-

portance of electric supply in everyday life has

oA (STl IREIES 6 SRtiEng:s) reached such astagethat it isdesirableto protect

16.3 Switchgear Equipment the power system from harm during fault condi-
tions and to ensure maximum continuity of sup-
164 Bus-Bar Arrangements ply. For this purpose, meansmust be provided to

switch on or off generators, transmission lines,
distributorsand other equipment under both nor-
16.6 Short-Circuit mal and abnormal conditions. Thisis achieved
16.7 Short-Circuit Currents by an gpparatus palled S/Vij[chgear. A switchgear

essentially consists of switching and protecting
16.8 Faultsin a Power System devices such as switches, fuses, circuit breakers,
relaysetc.

During normal operation, switchgear permits
to switch on or off generators, transmission lines,
distributors and other electrical equipment. On
the other hand, when afailure (e.g. short circuit)
occurson any part of power system, aheavy cur-
rent flows through the equipment, threatening
damageto the equipment and interruption of ser-
viceto the customers. However, the switchgear
detects the fault and disconnects the unhealthy

387

16.5 Switchgear Accommodation
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section from the system. In this way, switchgear protects the system from the damage and ensures

continuity of supply. Inthis chapter, we shall present the elementary introduction to switchgear.

16.1 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 fuseisthe
simplest form of switchgear and is used to control and protect lights and other equipment in homes,
officesetc. For circuitsof higher rating, ahigh-rupturing capacity (H.R.C.) fusein 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 sometimeto replaceit and consequently thereisinterruption of serviceto the custom-
ers. Secondly, the fuse cannot successfully interrupt large fault currentsthat result from the faultson
high voltage system.

With the advancement of power system, linesand 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 isaswitchgear which
can open or closean electrical circuit under both normal and abnormal conditions. Evenininstances
where a fuse is adequate, as regards to breaking capacity, a circuit breaker may be preferable. Itis
because a circuit breaker can close circuits, as well as break them without replacement and thus has
wider range of use altogether than afuse.

16.2 Essential Features 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 areliable switchgear has become of paramount impor-
tance. Thisisnot surprising because switchgear isadded to the power system toimprovethereliabil-
ity. When fault occurs on any part of the power system, the switchgear must operate to isolate the
faulty section from the remainder circuit.

(if) 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.

(i) 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 islikely to spread into healthy
parts, thus endangering compl ete shut down of the system.

(iv) Provison for manual control. A switchgear must have provision for manua control. In
case the electrical (or electronics) control fails, the necessary operation can be carried out through
manual control.

(v) Provisonfor instruments. There must be provision for instrumentswhich may berequired.
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.

16.3 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, relaysand
other equipment. A brief account of these devicesisgiven 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. Thisisparticularly truefor circuitsof high voltage and large current capacity. The switches
may be classified into (i) air switches (ii) oil switches. The contacts of the former are openedin air
and that of the latter are opened in oil.

(i) Air-break switch. Itisanair switch and isdesigned to open acircuit under load. Inorder to
quench thearc that occurs on opening such a switch, specia arcing hornsare 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 amain transmission line or feeder.

By =
Air - break Switch Isolator Switch

(i) Isolator or disconnecting switch. It isessentially aknife switch and is designed to open a
circuit under noload. Itsmain purposeisto isolate one portion of the circuit from the other and is not
intended to be opened while current isflowing in theline. Such switches are generally used on both
sidesof circuit breakersin 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) Qil switches. As the name implies, the contacts of such switches are opened under ail,
usualy transformer oil. The effect of oil isto 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. Afuseisashort pieceof wireor thin strip which meltswhen excessive current flows
through it for sufficient time. It isinserted 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, theload containsreactive 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.
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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 isan equipment which can open or close acircuit under
al 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, arelay circuit is used with acircuit breaker. Fig. 16.1 (i) showsthe parts of
atypical ail circuit breaker whereas Fig. 16.1 (ii) shows its control by arelay 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 contactsremain closed and thecircuit breaker carriesthe
full-load current continuously. In this condition, the em.f. in the secondary winding of current
transformer (C.T.) isinsufficient to operate thetrip coil of the breaker but the contacts can be opened
(and hence the circuit can be opened) by manual or remote control. When afault occurs, the resulting
overcurrent in the C.T. primary winding increases the secondary em.f. Thisenergisesthetrip 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 qil. It isinteresting to note that
relay performs the function of detecting a fault whereas the circuit breaker does the actual circuit

interruption.
Terminal
connections Bus-bar
Air Trip coil
cushion II| f
|
o
Attty bbbtk [f fvbptntobyinty ipbntel C.B. - ——
: 0 | o :
______ | I
Fixed = 3 |
contact cT @ - IS !
Moving/ : ]
contact |z 5 S e =
ad Relay coil
Transformer

o (i) (i)
Fig. 16.1

4. Relays. A relay isadevice which detects the fault and supplies information to the breaker
for circuit interruption. Fig. 16.1 (ii) showsatypicd 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.

(if) The second circuit isthe secondary winding of C.T. connected to the relay operating coil.

(iif) 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 em.f. of the secondary winding of C.T. is small and the
current flowing in the relay operating coil isinsufficient to close the relay contacts. This keepsthe
trip coil of the circuit breaker unenergised. Consequently, the contacts of the circuit breaker remain
closed and it carriesthe normal load current. When afault occurs, alarge current flows through the

*  Thecircuit to be protected carriesalarge current (normal or fault current) and isreduced to asuitable value
for relay operation with the help of a current transformer.
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primary of C.T. Thisincreasesthe secondary e.m.f. and hencethe current through the relay operating
coil. Therelay contacts are closed and the trip coil of the circuit breaker is energised to open the
contacts of the circuit breaker.

16.4 Bus-Bar Arrangements

When anumber 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 someimportant bus-barsarrange-
ments used for power stationsand sub-stations. All the diagramsrefer to 3-phase arrangement but are
shown in single-phase for simplicity.

(1) SingleBus-bar System. The single bus- Q Q
bar system has the simplest design and is used for
power stations. It is also used in small outdoor
stations having rel atively few outgoing or incom-
ing feeders and lines. Fig. 16.2 showsthe single

bus-bar system for atypical power station. The Isolators
generators, outgoing lines and transformers are Single
connected to the bus-bar. Each generator and bus
feeder is controlled by acircuit breaker. Theiso- k k k
lators permit to isol ate generators, feedersand cir- Isolators
cuit breakers from the bus-bar for maintenance.
The chief advantages of thigtype of arranggment
are low initial cost, less maintenance and simple
operation.

Disadvantages. Singlebus-bar system hasthe
foIIom_n ng three principal disadvantages:  Trans fom \NIW \NIW

(i) The bus-bar cannot be cleaned, repaired
or tested without de-energising the whole system. Fig. 16.2

(i) If afault occurs on the bus-bar itself, there is complete interruption of supply.

(iif) 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. Thisisillustrated 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 thisarrangement. Firstly, if afault 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.

Itisworthwhileto keep in mind that acircuit 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 whilethe bus-barsare alive.

*  Theterm busis derived from the word omnibus, meaning collector of things. Thus, electrical bus-bar is
the collector of electrical energy at one location.

**  because afeeder fault isfed 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 systemisused inimportant stations. Such a system consists of two bus-bars,
a“mainbus-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 acircuit breaker and isolators.

In the scheme shown  Main

in Fig. 16.4, serviceisin- Spare

terrupted during switch t * t * t * T\ o T\
over ?rom one b?JS to an- [ I [ I [ I I I I

other. However, if it were
desired to switch acircuit C.B.
from one to another with- .B. -B.

out interruption of service,
therewould haveto betwo I/ I/
circuit breakersper circuit.
Such an arrangement will Q Q
be too expensive. Fig. 16.4
Advantages
(i) If repair and maintenanceit to be carried on the main bus, the supply need not beinterrupted
asthe entire load can be transferred to the spare bus.
(if) Thetesting of feeder circuit breakers can be done by putting them on spare bus-bar, thus
keeping the main bus-bar undisturbed.
(iii) 1f afault occurs on the bus-bar, the continuity of supply to the circuit can be maintained by
transferring it to the other bus-bar.

16.5 Switchgear Accommodation

The main components of aswitchgear are circuit breakers, switches, bus-bars, instrumentsand instru-
ment transformers. It isnecessary to house the switchgear in power stations and sub-stationsin such
away so asto 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 isinstalled outdoor. Itis
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.

I/I/X

X : -';V/IYI/

Transformer

Fig. 16.5

Fig. 16.5 showsatypical 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.

(i) 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, al live partsare completely enclosed in an earthed metal casing. The primary object of
this practiceisthe definite localisation and restriction of any fault to its place of origin.

16.6 Short-Circuit

Whenever a fault occurs on a network such that a large current flowsin one or more phases, a short-
circuit is said to have occurred.

When ashort circuit occurs, aheavy current called short circuit current flowsthrough the circuit.
This can bebeautifully illustrated by referring to Fig. 16.6 where asingle phase generator of voltage
V and internal impedance Z; is supplying to aload Z. Under normal conditions, the current in the
circuitislimited by *load impedance Z. However, if theload terminal s get shorted dueto any reason,
the circuit impedance isreduced to avery low value; being Z; in La
this case. As Z; is very small, therefore, a large current flows I

throughthecircuit. Thisiscalled short-circuit current. Itisworth-
while to make a distinction between a **short-circuit and an z, 9 ¥ [z:|
overload. When a short-circuit occurs, the voltage at fault point
isreduced to zero and current of abnormally high magnitude flows l

through the network to the point of fault. On the other hand, an

overload meansthat |oads greater than the designed values have Fig. 16.6
been imposed on the system. Under such conditions, thevoltage

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 currentsin the overloaded

*  Asinternal impedance Z; 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.

Causesof short-circuit. A short circuit in the power system isthe result of somekind of abnor-
mal conditionsin the system. It may be caused dueto internal and/or external effects.

(i) Internal effectsare 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.

(if) External effectscausing short circuit includeinsulation failure dueto 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 decreasesto alow value.

(i) Theheavy 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 along timeinterruption of theline.

(if) Thelow voltage created by thefault hasavery harmful effect on the service rendered by the
power system. If thevoltage remainslow for even afew seconds, the consumers’ motors may be shut
down and generators on the power system may become unstable.

Dueto above deterimental effects of short-circuit, it isdesirable and necessary to disconnect the
faulty section and restore normal voltage and current conditions as quickly as possible.

16.7 Short-Circuit Currents

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 systemiscleared by acircuit breaker or afuse. It isnecessary,
therefore, to know the maximum possible values of short-circuit current so that switchgear
of suitable rating may be installed to interrupt them.

(if) The magnitude of short-circuit current determines the setting and sometimes the types and
location of protective system.

(iif) The magnitude of short-circuit current determines the size of the protective reactors which
must beinserted in the system so that the circuit breaker isable to withstand thefault current.

(iv) The calculation of short-circuit currents enables us to make proper selection of the associ-
ated apparatus (e.g. bus-bars, current transformersetc.) so that they can withstand theforces
that arise due to the occurrence of short circuits.

16.8 Faults in a Power System

A fault occurswhen two or more conductorsthat normally operate with apotential difference comein
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
categoriesviz.

(i) Symmetrical faults (ii) Unsymmetrical faults

(i) Symmetrical faults. That fault which gives rise to symmetrical fault currents (i.e. equal
faults currentswith 120° displacement) is called asymmetrical fault. The most common example of
symmetrical fault is when al the three conductors of a 3-phase line are brought together simulta-
neously into ashort-circuit condition. Themethod of calculating fault currentsfor symmetrical faults
is discussed in chapter 17.

(if) Unsymmetrical faults. Those faults which give rise to unsymmetrical currents (i.e. un-
equal line currentswith unequal displacement) are called unsymmetrical faults. The unsymmetrical
faults may take one of the following forms:

— e e
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(a) Singleline-to-ground fault (b) Line-to-linefault (c) Double line-to-ground fault
Thegreat majority of faults on the power system are of unsymmetrical nature; the most common

type being ashort-circuit from onelineto ground. The calculations of such fault currents are made by
“symmetrical components’ method. Thisisfully discussed in chapter 18.

1

2

SELF - TEST
. Fill in the blanks by inserting appropriate words/figures.
(i) Afuseisa........... device.
(if) A circuit breaker isa........... device.
(i) Anisolator is designed to open acircuit under ...........
(iv) When aswitch 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 afault occurs on the busitself in asingle bus-bar system, then thereis 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.

. Pick up the correct words/figures from brackets and fill in the blanks.

(i) A fuseperforms........... functions.
(both detection and interruption, interruption)
(if) Thecircuit breaker performs........... function. (detection, circuit interruption)
(iii) For voltages beyond 66 kV, switchgear equipment isinstalled ...........
(indoor, outdoor)
(iv) Bus-barsoperateat ........... voltage. (constant, variable)
(v) Isolatorisan ........... switch. (air, ail)

ANSWERS TO SELF-TEST
(i) protective (ii) circuit interrupting (iii) noload (iv) arc (v) closed (vi) relay (vii) shut down
(viii) lower (ix) duplicate (x) 66
(i) both detection and interruption (ii) circuit interruption (iii) outdoor (iv) constant (v) air

CHAPTER REVIEW TOPICS

What do you understand by switchgear ?
Discuss the various types of switches.
What is the difference between
(i) aswitch and circuit bresker
(if) afuseand circuit breaker ?
Discuss the different types of bus-bar arrangements.
Explain the various methods of accommodating high-voltage switchgear.

NoOMONE

DISCUSSION QUESTIONS

What are the limitations of afuse ?

Why do we use C.T. in therelay circuit ?

What is the necessity of bus-bar ?

Why do we useisolators on both sides of the circuit breaker ?

Why are isolators not opened on load ?

Which faults___ symmetrical or unsymmetrical ___ are more frequent in power system and why ?
Suddenly acircuit carries a current 20 times the normal current. |s there possibility of short-circuit or
overload ?

To FIRST
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17

Symmetrical Fault Calculations

Introduction

ost of the faults on the power system

M lead to ashort-circuit condition. When

such a condition occurs, a heavy cur-

rent (called short circuit current) flows through

17.1 Symmetrical Faultson 3-Phase System  the equipment, causing considerable damage to
the equipment and interruption of service to the
consumers. There is probably no other subject
17.3 Percentage Reactance of greater importance to an electrical engineer
than the question of determination of short cir-
cuit currents under fault conditions. The choice
17.5 Short-Circuit kVA of apparatus and the design and arrangement of
practically every equipment in the power system
depends upon short-circuit current considerations.

17.2 Limitation of Fault Current

17.4 Percentage Reactance and Base kVA

17.6 Reactor Control of Short-Circuit

t . . . .
Currents Inthischapter, we shall confine our discussionto
17.7 Location of Reactors fault currents due to symmetrical faults.
17.8 Stepsfor Symmetrical Fault 17.1 Symmetrical Faults on 3-Phase
Calculations System

That fault on the power systemwhich givesrise
to symmetrical fault currents (i.e. equal fault cur-
rents in the lines with 120° displacement) is
called a symmetrical fault.

The symmetrical fault occurs when al the
three conductors of a 3-phase line are brought
together simultaneously into a short-

396
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circuit condition asshowninFig. 17.1. Thistypeof fault gives
riseto symmetrical currentsi.e. equal fault currents with 120° I

displacement. Thusreferring to Fig. 17.1, fault currents|, I,
and I, will beequal in magnitudewith 120° displacement among
them. Because of balanced nature of fault, only one* phase [ Vg
need be considered in cal culations since condition in the other
two phases will also be similar. The following points may be
particularly noted :

(i) Thesymmetrical fault rarely occursin practice as ma- Iy Iy ¥ ¥
jority of thefaultsare of unsymmetrical nature. How-
ever, symmetrical fault calculations are being dis-
cussed in this chapter to enable the reader to under-
stand the problemsthat short circuit conditions present
to the power system.

(if) Thesymmetrical faultisthe most severe and imposes
more heavy duty on the circuit breaker.

Short circuit
Fig. 171

17.2 Limitation of Fault Current

When a short circuit occurs at any point in a system,

the short-circuit current is limited by the impedance g Transformer F
of the system upto the point of fault. Thusreferringto @ § g / i
Fig. 17.2, if a fault occurs on the feeder at point F, 32 V/
then the short circuit current from the generating sta-

tionwill have avaluelimited by theimpedance of gen- Fig. 17.2

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 astrans-
formers, reactors and generators. Cablesand linesare mostly resistive, but where thetotal reactance
in calculations exceeds 3 timestheresistance, the latter isusually neglected. Theerror introduced by
this assumption will not exceed 5%.

v

17.3 Percentage Reactance
Thereactance of generators, transformers, reactorsetc. is usually expressed in percentage reactance
to permit rapid short circuit calculations. The percentage reactance of acircuit is defined as under :

It is the percentage of the total phase-voltage dropped in the circuit when full-load current is
flowingi.e.,

%X = %XlOO ..(i)
where I = full-load current
V = phasevoltage
X = reactance in ohms per phase

*  Balanced three-phase faults, like balanced 3-¢ loads, may be handled on a line-to-neutral basis.
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Alternatively, percentage reactance (%X) can also be expressed in terms* of kVA and kV as
under :

(kVA) X

%X = 1O(kV)2 (1)
where X isthe reactance in ohms.
If X isthe only reactance element in the circuit, then short-circuit current isgiven by ;
=V
< X
= 1x (%) [By puitting the value of X from exp. (i)]

i.€. 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 iS50 A,
then short-circuit current will be 50 x 100/20 = 250 A when only that element isin the circuit.

It may be worthwhile to mention here the advantage of using percentage reactance instead of
ohmic reactancein short-circuit calculations. Percentage reactance values remain unchanged asthey
are referred through transformers, unlike ohmic reactances which become multiplied or divided by
the square of transformation ratio. This makesthe procedure simple and permits quick calculations.

17.4 Percentage Reactance and Base kVA

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. Thiscommon kVA rating isknown asbase kKVA. Thevalue of thisbase kVA isquite unimpor-
tant and may be:

(i) equal tothat of thelargest plant
(if) equal tothetotal plant capacity
(iii) any arbitrary value
The conversion can be effected by using the following relation :

% age reactance at base kVA = I%t%m x % age reactance at rated kVA

Thus, a1000 kVA transformer with 5% reactance will
have a reactance of 10% at 2000 kVA base. 11/66 kV

lllustration. The fact that the value of base KVA § § 66 KV Line
does not affect the short circuit current needsillustration. @ b
Consider a 3-phase transmission line operating at 66 KV 5545 s § %
and connected through a 1000 kVA transformer with 5% 10% 1000 k VA
reactance to a generating station bus-bar. The generator 5%
isof 2500 kVA with 10% reactance. Thesinglelinedia- Fig. 17.3

gram of the systemisshownin Fig. 17.3. Suppose a short-circuit fault between three phases occurs

V)V
. Romen. (1 x = POV XV XV _ (%X)(looo) (1000)"1000 (@%X) (kV)% x10
P-M X= Tg00r = 100xvi 100x(v)x| T kA
1000
(KVA) X

g %X

10 (kV)?
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at the high voltage terminals of transformer. 1t will be shown that whatever value of base kVA we may
choose, the value of short-circuit current will be the same.

(i) Supposewe choose 2500 kVA asthe common base kVA. On thisbase value, the reactances
of the various elementsin the system will be:

Reactance of transformer at 2500 kVA base
= 5x 2500%/1000 = 12:5%
Reactance of generator at 2500 kVA base
= 10 x 2500/2500 = 10%
Total percentage reactance on the common base kVA
%X = 125+ 10=225%
The fullt load current corresponding to 2500 kVVA base at 66 kV isgiven by ;

| = 2500x1000 _ 5 g7 0
/3 x 66 x 1000
- _ 100 _ . 100 _ .
O Short-circuit current, Igz = 1% %X =21-87 % 5[5 97-2A

(if) Now, suppose we choose 5000 kVA as the common base value.
Reactance of transformer at 5000 kVA base
= 5x5000/1000 = 25%
Reactance of generator at 5000 kVA base
= 10 x 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
5000 x 1000

| = =—————_ =4374A
/3 x 66 x1000
0 Short-circuitcurrent, Ig. = | x % = 4374 x %50 =97-2A
0.

which isthe same asin the previous case.

From the aboveillustration, it is clear that whatever may be the value of base kVA, short-circuit
current isthe same. However, intheinterest of simplicity, numerically convenient value for the base
kVA should be chosen.

17.5 Short-Circuit kVA

Although the potential at the point of fault is zero, it isanormal 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 phasevoltagein volts
I = full-load current in amperes at base kVA
%X = percentage reactance of the system on base kVA upto

the fault point

base kVA
rated KVA
T Full-load current has to be found out for the base kVA selected.

* 9 reactance at base KVA = x % reactance at rated kVA



400 Principles of Power System

AsprovedinArt 17.3,

@)
%X

0 Short-circuit kVA for 3-phase circuit
3Vilg

1000
3Vv1 100

1000 = %X
100

= Base kVA XW

i.e. short-circuit kVA is obtained by multiplying the base kVA by 100/% X.

Short-circuit current, e = I(

17.6 Reactor Control of Short-Circuit Currents

With the fast expanding power system, thefault level (i.e. the power availableto flow into afault) is
aso 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 conditionsislow and fault currents may riseto adangerously 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
amost certainly occur.

In order to limit the short-circuit currents to avalue 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, thewindings must be solidly braced. 1t may be added that dueto very small resistance
of reactors, thereis 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 asfrom failure due to destructive mechanical forces.

(if) Troublesarelocalised 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.

(iif) They permit the installation of circuit breakers of lower rating.

17.7 Location of Reactors

Short circuit current limiting reactors may be con-
nected (i) in serieswith each generator (ii) in series
with each feeder and (iii) in bus-bars. No definite
statement can be given asto which one of the above Reactors
locationsis preferable; each installation hasitsown Bus-bar
particular demandswhich must be carefully consid-
ered before achoice of reactor location can be made.
(1) Generator reactors. When the reactors
are connected in serieswith each generator, they are
known as generator reactors(seeFig. 17.4). Inthis Feeders
case, thereactor may be considered asapart of |eak-
age reactance of the generator ; henceitseffect isto Fig. 17.4

G, G, Gy Generators
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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.
(if) If abus-bar or feeder fault occurs close to the bus-bar, the voltage at the bus-bar will be
reduced to alow value, thereby causing the generatorsto fall out of step.

(iif) 1f afault occurs on any feeder, the continuity of supply to other islikely 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 isnot acommon practice to use sepa-
rate reactors for the generators.

(2) Feeder reactors. When the reactors are
connected in serieswith each feeder, they areknown G G,  G3\") Generators
as feeder reactors (see Fig. 17.5). Since most of

the short-circuits occur on feeders, alarge number
of reactors are used for such circuits. Two princi-
pal advantages are claimed for feeder reactors.
Firstly, if afault occurs on any feeder, the voltage
dropinitsreactor will not affect the bus-barsvolt-

Bus-bar

age so that thereisalittle tendency for the genera- Reactors
tor to lose synchronism. Secondly, the fault on a l l Feeders
feeder will not affect other feeders and consequently

the effects of fault are localised. Fig. 17.5

Disadvantages

(i) Thereisaconstant power loss and voltage drop in the reactors even during normal opera-
tion.

(i) 1f ashort-circuit occurs at the bus-bars, no protection is provided to the generators. How-
ever, thisis of little importance because such faults are rare and modern generators have
considerabl e leakage reactance to enable them to withstand short-circuit acrosstheir termi-
nals.

(iii) If thenumber of generatorsisincreased, the size of feeder reactorswill haveto beincreased
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-
tagethat thereis considerable voltage drop and power lossin 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. Inthissystem, 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. Thisresults
in low power loss and voltage drop in the reactors.
However, the principal advantage of the system is
that if afault occurson any feeder, only one genera-
tor (to which the particular feeder is connected)
mainly feeds the fault current while the current fed Fig. 17.6

Generators

Bus-bar

Reactor

Feeders
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from other generators is small due to the presence of
reactors. Therefore, only that section of bus-bar is af- Gy G, Gy
fected to which the feeder is connected, the other sec-
tions being able to continue in normal operation. Bus-bar B r B
(if) Tie-Bar system. Fig. 17.7 shows the tie-bar
system. Comparing thering system with tie-bar system,
itisclear that inthetie-bar system, there are effectively 1, .
two reactors in series between sections so that reactors
must have approximately half the reactance of those used
in acomparablering system. Another advantage of tie-
bar systemisthat additional generators may be connected
to the system without requiring changesin the existing Fig, 17.7
reactors. However, this system hasthe disadvantage that
it requires an additional bus-bar i.e. the tie-bar.

Reactors

Feeders v

17.8 Steps for Symmetrical Fault Calculations

It has already been discussed that 3-phase short-circuit faults result in symmetrical fault currentsi.e.
fault currents in the three phases are equal in magnitude but displaced 120° electrical from one an-
other. Therefore, problemsinvolving such faults can be solved by considering one phase only asthe
same conditions prevail in the other two phases. The procedure for the solution of such faults in-
volvesthefollowing steps:
(i) Draw asingleline diagram of the complete network indicating the rating, voltage and per-
centage reactance of each element of the network.
(if) Choose anumerically convenient value of base kVA and convert all percentage reactances
to this base value.

(iif) Corresponding to the singleline 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 areactance
inseries.

(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. Letit bel.

(vi) Then various short-circuit calculations are:

P 100

Short-circuit current, I~ = 1 x %X
P 100
Short-circuitkVA = Base kVA x %X

Example17.1. Fig. 17.8 (i) showsthe 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

6%, = B0 50 700
% Reactance of alternator B at the base kVA is
%Xy = ggggg x50=875%

Line current corresponding to 35000 kVA at 12 kV is
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3
_ 35000x10 . =1684 A
V3x12x10
Fig. 17.8 (ii) showsthe reactance* diagram of the network at the selected base kVA.

15000 kVA 20,000 kVA
30% 50%
A B A Neutral B
12,000 V
. " . X = 70% Xg = 87.5%
F

Reactance diagram at 35,000 kVA
(i0)

Single-line diagram

O]

Fig. 17.8
Total % reactance from generator neutral up to fault point is
%X = X, || Xg

_ XaXg _70x8705 _ .
- xA+xB"7o+87[5‘38'89/°

L 100 _ 100 _
0  Short-circuit current, Ig- = 1 X X 1684 x 3889 - 4330 A

Alternatemethod. The problem can al so be solved by component short-circuit current method.
Each alternator supplies short circuit current to the fault. Thetotal current fed to the fault isthe sum

of the two.
Full-load current delivered by alternator A,
_ Rated kVA of dternator A

~ J3 x Bus-bar voltage
3

1500x10° _ )1 0
V3x12x10

O Short-circuit current fed to fault by alternator A,
100

lsa = 1a* 9 Reactance™of A
721.7 x (100/30) = 24055 A
Full-load line current delivered by alternator B,

20000 x 10°
—————= =962:28A
V3 x12 x10°

O Short-circuit current fed to fault by alternator B,
Il = 962:28 x 100/50 = 1924-5 A

0 Total short-circuit current fed to fault,
e = lgn+ 1 = 24055 + 1924-5= 4330 A

* Notethat the diagram shows one phase and neutral. The percentage reactances of the alternatorsarein parallel.
** Atitsown rated capacity.

Ia

lg
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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 cal cul ations can be
carried out.

Example 17.2. A 3-phase, 20 MVA, 10 kV alternator has internal reactance of 5% and negli-
gibleresistance. Find the external reactance per phase to be connected in serieswith the alter nator
so that steady current on short-circuit does not exceed 8 times the full load current.

Solution.

6
Full-load current, | = 2010 _yi547a
V3 x10x10
_ 10x10° _ 10000
\oltage per phase, V = == volts
age per pl NG A

Asthe short-circuit current isto be 8 times the full-load current,
0 Total percentage reactance required

Full - load current
~ Short - circuit current

(%) x100=125%

0 External percentage reactance required
= 125-5=75%
Let X Q be the per phase external reactance required.

I X
Now, percentage reactance = x 100

_ 115400X

V3
_ 75 x 10000
T \3x100x1154 (7
Example 17.3. A 3-phase transmission line operating at 10 kV and having a resistance of 1Q
and reactance of 4 Q 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 phasesif it occurs

(i) attheload end of transmission line
(i) at the high voltage terminals of the transformer

x 100

O

=0-375Q

5 MVA
10 MVA 5%
10% % § F 10 40 F2
10 kV
® S etwe—r—()
% % Load

Fig. 17.9

Solution. Fig. 17.9 showsthe single line diagram of the network. Let 10,000 kVA be the base
kVA.
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% reactance of alternator on base kVA, Neutral
%X, = 2000 10= 100
10 x 10
% reactance of transformer on base kVA, Xp=10%
ox, = 2000 5= 100
5x10
Thelineimpedanceisgiven in ohms. It can be converted into percent-
age impedance by using exp. (ii) of Art. 17.3. Xr=10%
% reactance of transmission lineis
%X = (kVA) x reactar;cein Q F,
- 10 (kV) § © 0o
L=10%
_ 10000 x;l — 40%
10 x (10)
% age resistance of transmission line, %
X, =40 %
%R = 10,000 x 1 ey
°TL T 10x (02 T
(i) Thereactance diagram of the network on the selected base kVA is Fa
shown in Fig. 17.10. For afault at the end of a transmission line v
(point F,), )
Total % reactance = %X, + %X, + %X, Fig. 17.10
= 10+ 10 + 40 = 60%

% resistance = 10%
O % impedance from generator neutral upto fault point F,

(60)? + (10)* = 60-83%

O Short-circuit kVA = 10,000 x 100/60-83 = 16,440 kVA

(ii) For afault at the high voltage terminals of the transformer (point F)),

Total % reactance from generator neutral upto fault point F,

= %X, + % X; =10+ 10=20%

O Short-circuit kVA = 10,000 x 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 MVVA which the circuit
breakers on (i) low voltage side and (ii) high voltage side may have to deal with.

Solution. Fig. 17.11 showsthe 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

% X, = 12 x10,000/10,000 = 12%

% Xg = 12 x10,000/10,000 = 12%
% X. = 18 x10,000/5,000 = 36%
% X; = 5 x10,000/5,000 = 10%

(i) Whenthefault occurs on thelow voltage side of thetransformer (point F, inFig. 17.11), the
reactance diagram at the selected base kVA will be as shown in Fig. 17.12. Obviously, the
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10,000 kVA 10,000 kVA 5,000 kVA
12% 12%

18%
A B CT

5% 5% 5%

F1 \AN\J\NW
5,000 kVA 5,000 kVA 5,000 kVAN\/\TVV\

Fig. 17.11
total reactance upto the point of fault F, isthe parallel combination of the reactances of the
three dternatorsi.e.
Total % reactance form generator neutral upto fault point F;
= %X, [| % X 11 % X

Neutral Neutral
12%% 12% 36%% g 12% 12% g 36%
F - N
10%
F,
Fig. 17.12 Fig. 17.13
= 12%]|12% || 36% = 5 35 = 514%
100 1
= —_— X —— = .
O Fault MVA 10,000 x 5014 1000 194.5

(i) When the fault occurs on the high voltage side of the transformer (point F, in Fig. 17.11),
the reactance diagram will be as shownin Fig. 17.13.

Total % reactance from generator neutral upto fault point F,
= 514 +10=1514%

_ 100 1 _
O Fault MVA = 10,000 x 1504 x 1000 - 66

It may be noted that circuit breakers of lower ratingswill be required on the high voltage side of
thetransformers.
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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.

10,000 kVA 10,000 kVA 8,000 kVA 8,000 kVA
10% 10% 12% 12%
1 2 3 4
5,000 kVA
109
G S N S A
F

Fig. 17.14

Solution. Fig. 17.14 showsthe 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 x 10,000/10,000 = 10%
% Reactance of generator 3 or 4 on the base kVA
= 12 x 10,000/8000 = 15%
% Reactance of bus-bar reactor on the base kVA
= 10 x 10,000/5000 = 20%

1 2 Neutral 3 4 _ Neutral
é 10% 10% 15% 1 5°/o§ 5% 7.5%
TO00 F F
20% 20%

@ (i)
Fig. 17.15

When fault occurson section B (point F in Fig. 17.14), the reactance diagram at the sel ected base
kVA will beasshowninFig. 17.15(i). Thisseriesparallel circuitisfurther reducedto 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%

25x 75
= Br7m o>
O Fault kVA = 10,000 x 100/5-77 = 1,73,310
or Fault MVA = 17331
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Example 17.6. A small generating station has two alter nators of 3000 kVA and 4500 kVA and
percentage reactances of 7% and 8% respectively. The circuit breakers have a rupturing capacity of
150 MVA. Itisdesired to extend the system by a supply fromthe 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.

3,000 kVA 4,500 kVA
7% 8%
A B W\AJ\NW
7,500 kVA
7.5%
X %
\ 4 \ 4 ————
C.B. C.B. C.B. C.B.
F
Fig. 17.16

Solution. Fig. 17.16 showsthe single line diagram of the system.

Let 7500 kVA be the base kVA.

% Reactance of generator A on the base kVA

= 7 x 7500/3000 = 17-5%

% Reactance of generator B on the base kVA

= 8 x 7500/4500 = 13-34%
% Reactance of transformer on the base kVA
= 7-5x 7500/7500 = 7-5%

L et 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 sel ected 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 reducesto Fig. 17.17 (ii).

A Neutral B _ Neutral
17.5% 13.34% 7.5% 7.57% (X +7.5)%
X %
F F
() (i1)
Fig. 17.17
*  Equivalent reactance = 1705x13034 _ 7-57%

1705+13034
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Total % reactance from generator neutral to fault point F
757% || (X + 7-5)%
7057 (X + 75)

= 20T T o
X + 15007

7500 x 100 x

X +15007
7057 (X +705)
But the short-circuit kVA should not exceed 150 x 10°kVA, the rupturing capacity of the breaker.
7500 x 100 x (X +15[07)

Short-circuit kVA

3 _
- 10>10° = =7 X+ 7
or 757 (X+75) = 5(X+ 15-07)
or 7-57 X +56-77 = 5X+ 7535
_ 7535-56007 _ o
or X = —7m7-5 7-23%
The %age reactance can be converted into reactance in ohms by the following expression :
oo x = (KVA) >2<
10 (kV)
or 723 = LOXZ
10(33)
_ 723x10x(3@3)° _
or X = 7500 =0-105Q

i.e. reactance of the reactor per phase should be 0-105 Q.

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 1Q and negligible resistance,
calculate the possible short-circuit MVA at both stations.

Solution. Fig. 17.18 (i) showsthe single line diagram of the system.

L et the base MVA be 100.

% Reactance of station A on the base MVA

%X, = - BEEMVA__ 49
Short - circuit MVA

= (100/1500) x 100 = 6:67%
% Reactance of station B on the base MVA
% Xz = (100/1200) x 100 = 8-33%

6.67% 8.33%
A@ B @ A Neutral B
F, 4 N F
1/7 i\ 2 6.67% 8.33%
10 9.18%
— 55— F F

® Fig. 17.18 @
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% Reactance of interconnector on the base MVA

_ (KVA) X _ (100 x10°%) x1
10(kV)? 10 x (33

The reactance diagram is shown in Fig. 17.18 (ii).

Fault on station A. When a fault occurs on power station A (point F,), the total percentage
reactance from generator neutral upto fault point F, is the parallel combination of (8-33% + 9-18%)
and 6-67%.e.

Total % reactance upto fault point F;

1751 x 667

% X =9-18%

= ——— ——  =4.83%
T
o 100
O Short-circuit MVA = Base MVA x 9% Reactance

100 x 100/4-83 = 2070
Fault on station B. When a fault occurs on power station B (point F,), the total percentage
reactance from generator neutral upto fault point F, is the parallel combination of (6:67% + 9-18%)
and 8:33%i.e.
Total % reactance upto fault point F,
_ 15[85x 833
~ 15[85+8[33
O Short-circuit MVA 100 x 100/5-46 = 1831
Example 17.8. A generating station hasthree section bus-bars connected with a tie-bar through
6% reactorsrated at 5000 kVA. Each generator isof 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 reactorsand (ii) without reactors.

= 5.46%

5000 kVA 5000 kVA 5000 kVA
12 % 12 % 12 %
A B C
Sec 1 Sec 2 Sec3| F
Bus-bar
6% 6% 6%
G Tie-bar
Fig. 17.19

Solution. Fig. 17.19 shows the single line diagram of the system. Let 5000 kVA be the base
kVA. Asgeneratorsand reactors arerated at thiskVVA, 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 branchesis (18/2)% = 9% and the circuit reduces
to Fig. 17.20 (ii).
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Neutral _ Neutral

12% 9%

12% G 12%

TEO

6%

6%

©) (i0)
Fig. 17.20

Total % reactance from generator neutral upto fault point F
15x12

=6-670
15+12 6-67%

(9% + 6%) || 12% =

5000 x 100/6-67
74,962 kVA = 74-962 M VA

(if) Without reactors. Suppose no reactors are used. Then for afault on section 3, the total
reactance upto thefault point will beaparallel combination of the reactances of thethree generatorsi.e.

Total % reactance upto fault point F
= 12% || 12% || 12% = 12/3 = 4%
0 Short-circuit input = 5000 x 100/4 = 1,25,000 kVA =125 MVA

Example 17.9. A generating station islaid out as shown in Fig. 17.21. The ratings and per-
centage reactances of different elements are asindicated. 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 showsthe single line diagram of the system.
Let us choose 5 MVA asthe base value.

0 Short-circuit input

A B
10 MVA 10 MVA 10 MVA
30 % 30 % 30 %
K L M
10 MVA 10 MVA 10 MVA
10 % 10 % 10 %
Tie-bar
G A A d s 4
5 MVA WWWW 5 MVA WWWW 5 ya WWWW

%N%M 5 % N\/\T\M 5% N\/\I\/\M

Fig. 17.21
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%oage reactance of each generator on the base MVA
= 30x5/10=15%
%age reactance of each reactor on the base MVA
= 10 x 5/10 =5%
%oage reactance of each transformer on the base MVA
= 5x5/5=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 sel ected base kVA will beasshowninFig. 17.22 (i). Thiscircuit
can be further reduced to Fig. 17.22 (ii).

Neutral A B C _ Neutral

10%

15% G
15%

5%

P

5%

(@) (i0)
Fig. 17.22
Total %age reactance from generator neutral upto fault point F
(10% + 5%) || 15% + 5%
15x15
15+15

Short circuit MVA = Base MVA x

+5=75+5=125%
100
% Fault reactance
5x100/12:5=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

X  bN+x
If the section rating is 50,000 kVA ; x = 20% and b = 10%, find the short-circuit kVA with
(i) 3 sections (i) 9 sectionsand (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 asindicated by point F in Fig. 17.23.

[9.000],
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Q kVA Q kVA Q kVA
X % X % X %
Sec 1 F Sec 2 Section N
b% b% b%
Feeder
Tie-bar
Fig. 17.23

The reactance diagram of the systemis shown in Fig. 17.24. For afault on section 1 (point F),
theremaining (N — 1) sectionsarein parallel and their equivalent percentagereactanceis(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 isgiven by :

% age reactance from generator neutral upto fault point F

Neutral
Neutral
X% X% x% X%
F
Sec 1 Sec 2 Section N F § ("il’f_b1) %
b% b% b%
) b%
Fig. 17.24 Fig. 17.25
b {b * )rintﬂ
- {b+ X }%”x% =L %
brN=-1*X
X (x + bN) %
N(x + b)
Suppose the base kVA is Q.
0 Short-circuitkVA = Q x 100 x M
X (x +bN)
_[Q,Q(N-1 |
~ + BNF X x 100 ... (1) QE.D.
(i) With 3 sections, N =3

50,000 | 50,000 (3 -1)

O -circuit kVA
Short-circuit 20 10x3 %30

x 100 = 4,50,000 kVA

(i) With 9 sections, N =09

50,000 | 50,000 (9 - 1)

O Short-circuit k\VA 20 10x9%20

%100 = 6,13,636 kVA
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(iif) When N isvery large,

*[1Q QO (150,000 50,0007
_circui = + x100 =g—— + x100
Short-circuit kVA E; BH E 20 10
= (2500 + 5000) x 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 isfed fromthe 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.

10 MVA 10 MVA 10 MVA 10 MVA

20% 20% 20% 20%

QD Q@ @ 0@
From grid

50 MVA
10%
Reactor
P Q
C.B. C.B.
F

Fig. 17.26

Solution. Fig. 17.26 showsthe 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

_ 5050 — 1000
=10 20 =100 %
O %X,=100% ; %X3=100% ; % X.=100% ; % X, =100 %
% reactance of the transformer on base MVA is

%X, = g—gxlo =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 asshown 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 Nisvery large, then x can be neglected as compared tobN. Also N —1 may
be taken as N.

0 Short-circuit KVA = (9 + @) x100 = (9 +9) x 100
X bN X b
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_ Neutral _ Neutral

X =10%

100% © 100% & 100 % 100 % 25% 3 (X+10) %
X%

F F
@ (if)
Fig. 17.27
Total percentage reactance from generator neutral to fault point F
_ 25(X+10) )
~ 25+ (X +10)
Now fault MVA at F is not to exceed 500 MVA.
- 100
FaultMVA = Base MVA x Required % reactance
- 100
o 500 = 50 Required % reactance
O Required % reactance = % =10%
This means that total % reactance from generator neutral to fault point F should be 10 % i.e.
10 = 25(X +10)
~ 25+ (X +10)
_ 100,
0 X = 15 )
% reactance = (Base kVA) x Reactancein Q
’ B 10 (kV)?
100  (50x10%) x Reactancein @
or T = 5
15 10 % (33)
0 Reactance of the reactor in Q
_ 2,100, 1 _,
= 10 % (33)" x 15 X Ox10° 1.452 Q

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. Letthe 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 isnot to exceed 5 x 5000 kVA.

100
% Reactance

5000 x 100
(X +6)

Fault KVA Base kVA x

or 5 x 5000
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0 X = 14%
It can be converted into Q by the relation :
(kVA) x Reactance in Q

%X = >
10 (kV)
_ 5000 x Reactance in Q
10 x (6 [6)°
0 Reactance of the reactor in Q
_ 14x10x(61)° _ | 5
5000

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 israted 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.

15 MVA 15 MVA 8 MVA
12% 12% 10%
A B C
P Reactor Q
10 MVA
15%
5 MVA 5 MVA
4% 4%
C.B. C.B.
F
Fig. 17.28

Solution. Fig. 17.28 showsthe singleline diagram of the network. There may be several trans-
formersbut only two are shown for clarity of thefigure. Suppose short-circuit fault occursat 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:

%X, = 1—g><12:8%

%Xy = 10%12=8%

%X = o x10=125%

%X, = %M:s%
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When fault occurs at point F, the reactance diagram at the selected base MVA will be as shown
inFig. 17.29 (i). Thereactances of generators A and B arein parallel and their equivalent reactance
= 8%/2 = 4%. Thecircuit then reducesto the oneshowninFig. 17.29 (ii). Thisfurther reducestothe
one shownin Fig. 17.29 (iii).

Neutral Neutral Neutral

A C 5125% 4%
27.5% 275 x 12 835%
15 % B%E
Reactor
1,
F F F
(@) ) (ii0)
Fig. 17.29
0 Total % reactance from generator neutral upto fault point F
12 x 275
= 12%||275% = 122705 =835%
100 100
Fault MVA = BaseMVA x ————— =10x —— = 119-8 MVA
ault ae % Reactance 0 835

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 Q and 1 Q 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.

10 MVA DA
o 10%

66kv§§ oy CEREU=T0@ S
O 53 A T

Fig. 17.30

Solution. Fig. 17.30 showsthe singleline diagram of the network. Let 10 MVA (= 10* kVA) be
the base MVA.

% reactance of the alternator on base MVA is

%X, = 10%20=20%
% reactance of the transformer on base MVA is
10

%X, = 7 x10=20%

% reactance of the transmission lineis
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(KVA) x reactanceinQ _ 10* x 50

d = = 45.9%
10 (kV) 10 % (33)

%X, =

% resistance of thetransmission lineis
(kVA) x resistancein @ _ 10* x10 _g1g0,
10 (kV)? 10 x (33)°
When the symmetrical fault occurs at point F on the transmission line (50 km away), then,
Total % reactance upto the point of fault F
= % X, + % X; + % X = 20% + 20% + 45-9% = 85-9%
% resistance = 918 %
O % impedance from generator neutral upto fault point F

%R, =

(9018)* +(85[9)* =864 %

. 100 _
Short-circuit MVA 10 x 86 11.57 MVA

0 Short-circuit current fed to the fault by the alternator is

L= 11057 x 10°
< /3 x 66 %1000

Example17.15. 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 istaken 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 occurson all phases near the high-voltage terminals of one of
the transformers at the bus-bar section Q.

=1012 A

10 MVA 10 MVA 10 MVA 10 MVA

12% 12% 12% 12%

A B c D
10 MVA
24%
. p Q 11KV
. . TETT . . *
6 MVA
3%
66 kV
F
Fig. 17.31

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 = 10
10 0

% reactance of the reactor on the base MVA

- 1—8x24:24%

% reactance of the transformer on the base MVA

= 0,3-5
_63—5/0

When fault occurs at point F, the reactance diagram on the selected base MVA will be as shown
inFig. 17.32 (i). Thisfurther reducesto the circuit shownin Fig. 17.32 (ii).

Neutral Neutral
12 % 12 % 6%
12% © 12% 6%
24% 24%
5% 5%
F F
©) (it)
Fig. 17.32
0 9% reactance from generator neutral upto fault point F
30x6
= ——+5=5+5=
046 5+5=10%
Fault MVA = 10 x %’ = 100 MVA
6
Short-circuit current, e = 100x10° _ g75 5
/3 x 66000

Qil circuit breaker
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TUTORIAL 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 serieswith the alternator so that steady current on short-
circuit does not exceed 10 times the full load current. [2:178 Q]

2. A 3-phasetransmission line operating at 33 kV and having aresistance of 5 Q and reactance of 20 Q is
connected to the generating station through 15,000 kVA step-up transformer. Connected to the bus-bar
are two aternators, 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 phasesif it occurs

(i) attheload end of transmission line
(i) at the high voltage terminals of the transformer
[(i) 44,500 kVA (ii) 100,000 kVA]

3. Theplant capacity of a3-phase generating station consists of two 8 MVVA 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 breakerson (i) L.V. sideand (ii) H.V. side. Reactances given
are based on the MVA of each equipment. [(i) 15-24 MVA (ii) 50-25 MVA]

4. The33kV bus-bar of astation arein two sections A and B separated by areactor. Section Aisfed from
four 10 MVA generators each having 20% reactance and section B isfed 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 Q]

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 thetotal steady input to adead 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 hasfour bus-bar sections. Each section isconnected to tie-bar though 20% reactors
rated at 200 MVVA. Generatorsof 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 - TEST

1. Fill intheblanksbhy inserting appropriate words/figures.
(i) When ashort-circuit occurs, a.............. current flows through the system.
(if) Themost serious result of a mgjor uncleared short-circuit fault isthe ..............
(iii) When al the three phases are short-circuited, it givesriseto .............. currents.
(iv) Therating of acircuit breaker isgenerally determined onthebasisof .............. short circuit currents.
(v) The most common type of fault in overhead linesis..............
(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 areactance of .............. at 2000 kVA base.
(ix) Short-circuit KVA is obtained by multiplying the base kVA by ..............
(x) Reactors are used at various pointsin the power systemto ..............
2. Pick up thecorrect words/figuresfrom the bracketsand fill in the blanks.
() - fault gives rise to symmetrical fault currents.

(single phase to ground, phase to phase, 3-phase short-circuit)

(if) Percentage reactances.............. asthey arereferred 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 breakersof .............. 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-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 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 istheimportance 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 QUESTIONS

1. Why do we choose a base kVA in short-circuit calculations ?

2. What isthe advantage of expressing reactances in percentage values ?

3. Why do we decide therating of acircuit 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 ?

To FIRST
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Unsymmetrical Fault Calculations

Introduction

totheanaysisof symmetrica faultse.g. all three
lines short-circuited (L — L — L) or &l three

] lines short-circuited with an earth connection at the
18.2 Symmetrical Components Method 4t (L —L — L — G). When such afault occurs,
183 Operator ‘a it givesriseto symmetrical fault currentsi.e. fault
currents in the three lines are equal in magnitude

184 Symmetrical Componentsin Terms  and displaced 120° electrical from one another.
of Phase Currents Although symmetrical faults are the most severe

and impose heavy duty on the circuit breakers, yet
RS LSRR e R re Sl the analysis of such faults can be made with afair

18.1 Usymmetrical Faults on 3-Phase

I n the previous chapter, attention was confined
System

18.6 Sequence Impedances degreeof ease. Itisbecausethe balanced nature of

fault permitsto consider only one phasein calcula-
18.7  Sequence Impedances of Power tions ; the conditionsin the other two phases being

System Elements similar.

18.8 Analysis of Unsymmetrical Faults The great mgjority of faults on the power sys-

tem are of unsymmetrical nature; the most com-
189 Single Lineto-Ground Fault mon type being a short-circuit from one line to
18.10 Lineto-Line Fault ground. When such afgult oCCurs, it.giv&s riseto

unsymmetrical currentsi.e. the magnitude of fault
18.11 Double Line-to-Ground Fault currents in the three lines are different having un-

equal phase displacement. The calculation proce-
dure known as method of symmetrical components
18.13 Reference Bus for Sequence Networks 1S 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-
sisof unsymmetrical faults.

18.12 Sequence Networks

422
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18.1 Unsymmetrical Faults on 3-Phase System

Those faults on the power system which give rise to unsymmetrical fault currents (i.e. unequal fault
currentsin the lines with unequal phase displacement) are known as unsymmetrical faults.

On the occurrence of an unsymmetrical fault, the currentsin the three lines become unegual and
soisthe phase displacement among them. 1t may be noted that theterm ‘ unsymmetry’ appliesonly 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,
synchoronousreactorsetc. Therearethreewaysinwhich unsymmetrical faults may occur in apower
system (see Fig. 18.1).

(i) Singleline-to-ground fault (L —G)

(if) Line-to-linefault (L —L)

(iii) Doube line-to-ground fault (L —L —G)

R—— Re—7———— R
Y —mMmmm Y——o— Y———¢—
B B———mmeo— B——m¢——
L-L Fault
L-G Fault L-L-G Fault
(@) (i) (iif)
Fig. 18.1

The solution of unsymmetrical fault problems can be obtained by either (a) Kirchhoff’slaws or

(b) Symmetrical components method. The latter method is preferred because of the following

reasons:

(i) Itisasimple method and gives more generality to be given to fault performance studies.

(i) It providesauseful tool for the protection engineers, particularly in connection with tracing
out of fault currents.

rd Al ) i

Electronic earth fault indicator

18.2 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

*  Inother words, no piece of equipment ever hasared phaseimpedance which differsfrom ayellow phaseimpedance.
** This has come to be known as symmetrical component theory. Thisis ageneral theory and is applicable to
any three vector system whose resultant is zero.
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(i) abaanced * system of 3-phase currents having positivet (or normal) phase sequence. These

are called positive phase sequence components.

(if) a balanced system of 3-phase currents having the opposite or negative phase sequence.

These are called negative phase sequence components.
(i) asystem 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, E indicates the zero phase sequence component of the
currentinthered phase. Similarly, m impliesthe positive phase
sequence component of current in the yellow phase.

[lustration. Let usnow apply the symmetrical components

theory to an unbalanced 3-phase system. Suppose an unsym- \

/ |
metrical fault occurson a3-phase system having phase sequence \

IY
RYB. According to symmetrical components theory, the result-

ing unbalanced currentesi 2, T, and T, (see Fig. 18.2) can be s
resolved into : Fig, 18.2

(i) abaanced system of 3-phase currents, @ , '71 and E
having positive phase sequence (i.e. RYB) asshown in Fig. 18.3 (i). These arethe positive

phase sequence components.
I e . e e
120° R Iyz 120° | A
o IRO
240° 240 Iy
T2
Iy

(@) (i0) (i)
Fig. 18.3

(i) abalanced system of 3-phase currents T, , T, and T, having negative phase sequence
(i.e. RBY) as shown in Fig. 18.3 (ii). These are the negative phase sequence components.

(iii) asystemof threecurrents T, T, ad T, equal inmagnitudewith zero phase displacement
from each other asshown in Fig. 18.3 (iii). These arethe zero phase sequence components.

* A balanced system of 3-phase currents implies that three currents are equal in magnitude having 120°
displacement from each other.
T Positive phase sequence means that phase sequence is the same as that of the original 3-phase system.
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Thecurrent in any phaseisequal to the vector sum of positive, negative and zero phase sequence
currentsin that *phase as shown in Fig. 18.4.

Ig =1Igs + Iy + Igg

R
Iy =Iyq + Iyp + Iy
Y »-
Ig=1Igq +Igp + I
B >
Fig. 18.4
—_ _ — —_— —_—
Ig = gt lr +lgo
-

o — —
=l + 1y + 1y

_<_

!

L — — —
= Iy tlg +lg

B

The following points may be noted :
(i) Thepositive phase sequence currents (m , m and Q ), negative phase sequence currents

(@, @and E) and zero phase sequence currents (Q, mand E) separately form
balanced system of currents. Hence, they are called symmetrical components of the
unbalanced system.

(if) The symmetrical component theory applies equally to 3-phase currents and voltages both
phase and line values.

(iif) 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) Inabalanced 3-phase system, negative and zero phase sequence currents are zero. Thisis
demonstrated in example 18.7.

18.3 Operator ‘a’

As the symmetrical component theory involves the concept of 120° displacement in the positive
sequence set and negative segquence set, therefore, it is desirable to evolve some operator which
should cause 120° rotation. For thispurpose, operator ‘@’ (symbolshor A are sometimes used instead
of ‘a’) isused. Itisdefined asunder :

The**operator ‘@’ isone, which when multiplied to a vector rotates the vector through 120°in
the anticlockwise direction.

Consider a vector | represented by OA as shown in Fig. 18.5. If this vector is multiplied by
operator ‘a’, the vector isrotated through 120° in the anticlockwise direction and assumes the posi-
tion OB.

O al | 0120°

| (cos 120° + j sin 120°)

*  Star connected system being considered in Fig. 18.4.
**  Just asthe operator j rotates a vector through 90° in the anticlockwise direction.
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= |1 (-05+]j0-866) B
O a = -05+j0866 . (i)
If the vector assuming position OB is multiplied by operator
‘a’, the vector isfurther rotated through 120° in the anticlockwise
direction and assumes the position OC.

O all = | 0240°
= | (cos 240° + j sin 240°)
= | (- 05— 0-866)

O a? = -05-]0-866 .. (ii)

Thusthe operator ‘a® will turn the vector through 240°in the
anticlockwise direction. This is the same as turning the vector

through 120° in clockwise direction. Fig. 18.5
0 a’l = |3 120°
Similarly, a’l = | 0360°
= | (cos 360° + j sin 360°)
0 a=1 ... (iii)

Properties of Operator ‘&
(i) Adding exps. (i) and (ii), we get,
a+a’ = (-05+j0866) + (- 05— 0-866) = -1
O l1+a+a’ =0
(i) Subtracting exp. (ii) from exp. (i), we get,
a-a’ = (-05+j0:866) - (-0-5-j 0-866) =j 1.732
j/3
18.4 Symmetrical Components in Terms of Phase Currents

The unbalanced phase currentsin a 3-phase system can be expressed in terms of symmetrical com-
ponents as under :

O a-a°

l

_ P — P —
I+ 1R +1Ro

Py
|

—_ > = —
Iy = Iy t+lys +1yg
—

L — — —
= g tlg g

o)

y=alg &
ly  lyp=alg, &

120° 120° i ‘\
]

120° 120° 120° 120° RO
IYO

//%
Iy;=a Igy

(@) (ii) (i)
Fig. 18.6

Igp= a2 Ir2
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Fig. 18.6 showsthe vector representation of symmetrical components. Itisusualy profitablein
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 m , W and E . For this
purpose, expressall symmetrical components of Y and B phasesin terms of the symmetrical compo-
nents of R-phase by means of operator ‘a’ as shownin Fig. 18.6.

Note that the positive sequence set shown in Fig. 18.6 (i) can be expressed in terms of E by
means of operator a. Thus positive sequence current Q in phase B leads m by 120° and, therefore,
g =aly, - Similarly, positive sequence current in phase Yis 240°ahead of T, sothat T, = a? T, -

In an exactly similar manner, the negative sequence set can be expressed in terms of @ by means of
operator ‘a’ as shown in Fig. 18.6(ii). It isclear from Fig. 18.6 that :

— _— —  — .
IR = lmtlre *lro (1)
— —_ — —
Iy = Iy +1ya +lyo
2 — —_ — ..
= a' Iy talg +lg (i)
—

RN —
lg = lg +1g *1gg

= alg+aileg +lng ...(iiii)
(i) Zerosequencecurrent. By adding exps. (i), (ii) and (iii), we get,
Tp+ly +Tg = Ty (1+a% +a) + 1, (1 +a +a2) +31q,
= Tn (0 +T (0) +31g = 3T (v1+a+a’=0)
—_— _ 1 -— -_— —_
0 I'ro _§(|R+IY+IB)

Asthered phaseisawaystaken asthereference phase, therefore, subscript Risusually omitted.

—  _ 1 — — —
O lo _§(|R+IY+IB)
(i) Positive sequence current. Multiply exp.(ii) by ‘a’ and exp. (iii) by ‘a” and then adding
these exps. to exp. (i), we get,

— 2 —
lpraly+a Ty = Tg@+a’+a)) +T5 (L+a° +a%) +1g (1 +a +a°)

= 3lg + gy (0%) + 1o (0) = 31

— _ 1/~ — 2—>

D I = 3(R+aly +a’g)
Omitting the subscript R, we have,

- _ 1/~ — 2—>

L = §(|R+a|Y+a Ia)

(iii) Negative sequencecurrent. Multiply exp. (i) by ‘a® and exp. (iii) by ‘@ and then adding
these exps. to (i), we get,

— 2—
IY

L+a’ly +aly = Iy @+a®+a’) +1g, (L +a° +a°) +Ig (L +a° +a)

= Tn0+TR @ +Tr (0) = 375

N 1/— 2 — —

0 ™ :§(IR+aIY+aIB)
1/— 2 — —

or [ :§(IR+a|Y+a|B)

* ag*za®xa=1xa=a
0O 1+a+a*=1+a’+a=0
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The following points may be noted carefully :

(i) The currents I_l’ , G and W) 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.

(if) - Although the treatment has been made considering currents, the method applies equally to
voltages. Thusthe symmetrical voltage components of R-phase in terms of phase voltages

shall be:
g = 3(EE+E)
£ - 3(EraE+2'E)
§ = 3(%+'E +aE)

18.5 Some Facts about Sequence Currents
Itisnow desirableto 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.

(if) Thepresenceof negative or zero sequence currentsin a3-phase system introduces unsymmetry
and is indicative of an abnormal condition of the circuit in which these components are
found.

(iif) 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 currentsi.e.

Vector sum of all sequence currentsin 3-phase unbalanced system

= Q +

(iv) Ina3-phase, 4 wire unbal anced system, the magnitude of zero sequence componentsisone-
third of the current in the neutral wirei.e.

—_  —
lyo +lgg

Zero sequence current = % [Current in neutral wire]

In the absence of path through the neutral of a 3-phase system, the neutral current iszero 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 zer o-sequence compo-
nents.

(V) In a3-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 asingle phase load drawn from a 3-phase system comprises equal positive,
negative and zero sequence components.

Example 18.1. Provethat :

. 1-a° .. l-a 2
i =-a i =l-a
0 —=% (i) —~—
Solution.
— a2 - 2
(i) 1-a’ _(@rald-a_1+a _ _a__, (- 1+a+a’=0)

a-a° a(l-a) a a
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l1-a _ 1—a:(1—a)(—a2) _ -a’+a’°

=1-a
1+a> -a  (-a)(-ad) a’

(i)

Example 18.2. In a 3-phase, 4-wire system, the currentsin R, Y and B lines under abnormal
conditions of loading are as under :

— —

E =100 [J30°A ; I, =50 O300°A ; Ig =30 0180°A
Calculate the positive, negative and zero sequence currentsin the R-line and return current in
the neutral wire.

Solution. Let |_O', Tl and z be the zero, positive and negative sequence currents respectively of
theline current in red line.

: = 4T o)
= 4[100 [J30° + 50 [1300° + 30 [1180°]
= 1 *[(86:60 +] 50) + (25— ] 43:3) + (30 +j0)]
= 1[816+)67]
= (27:2+] 223) = 2729 04-68° A
L= fReal Ty
= 1[100030°+10120°x 50 [0300°+ 1 [ 120°x 30 01807
= 1 [100 0J30° + 50 [J60° + 30 0607
= 1[(86:6 + 50) + (25 +j 433) + (15 +j 25:98)]

= 1 [1266 +j 119.28]
= (42:2+39.76) = 57.98 043.3° A

[y

= 4Tz +a’ 1, +alg]
= %[100 030°+ 1 [F 120° x 50 (J300° + 1 [1120° x 30 (11807
= 1[100 [130° + 50 [1180° + 30 [1300°]
= 1[(866 +j 50) + (-50 +j 0) + (15— j 25:98)]
= 1[516 +] 24.02]
= (17-2+] 8) = 1896 124-9° A
Currentintheneutral wire = T_+1, +1, = (816+j6:7) = 81.87 04 7°A

K

Example 18.3. The currentsin a 3-phase unbalanced systemare :

m =(12+j6) A ; W =(12-j12) A ; G = (-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,
— _ 1M —  —
Iy = §[|R+ Iy + |B]

*  With the help of scientific calculator, polar form can be directly changed to rectangular form and vice-
versa.
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% [(12+ ] 6) + (12 -] 12) + (-15 +] 10)]

%[9+j4]:(3+j1-33)A
Positive phase sequence component is
— 11— — 2 —
lw = 5[lR+aly+a T

[(12+]6) + (- 05+j 0-866) (12— 12) + *(- 0-5 — j 0-866) (~15 +j 10)]

Wl

= % [ 32:55 + 30:39] = (10-85 +j 10-13) A

Negative phase sequence component is

— _ 11~ 2 — —
o = §[|R+a Iy +alg]

[(12+] 6) + (- 05 -] 0:866) (12— | 12) + (- 05 +j 0-866) (~15 + j 10)]

Wl

= % [ -5-55 — | 16-41] = (-1-85 — | 5:47) A
Yellow phase
Zero phase sequence component is
Tyo=Try = (3+]133)A
Positive phase sequence component is
I,=a’l, = (-05-j0866)(10-85 +j 10-13)
= (335-j144) A
Negative phase sequence component is
T,,=aly, = (-05+]0866)(-185-)547)= (57 +] 113) A
Blue phase
Zero phase sequence component is

To=Tyo =Ty = (3+j133)A

Positive phase sequence component is

Ty =a’T, = (-05+j0:866) (10-85+) 10-13) = (-14-2+] 431) A
Negative phase sequence component is

T, =a’T, = (-05-j0-866) (-1:85-j 5:47) = (-3-82 +] 4-34) A
Example 18.4. The sequence voltages in the red phase are as under :
Eqg =100V ; E, =(200-j100) V ; E, =-100V
Find the phase voltages ?R : E and E; .
Solution. Inthe polar form, we have,
Eq =100 00°V; E, =2236[3 2656°V;  Eg, =1000180°V

Er = EqptEq+Ey

100 + (200 - j 100) + (—100)
200 —j 100 = 223-6 [ 26-56° volts

* a=-05+j0866anda’ = - 05— j 0-866
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el

Eppta’ Eg taky

100010° + 101240° x 223-6 3 26:56° + 1 [1120° x 10001180°
100 00° + 223-6 [1213-44° + 100 0300°

(100 +j 0) + (~186:58 — j 123-2) + (50 — | 866)

-3658 — j 209-8 = 213 3 99:8%° volts

B +aEg +a Eg

100010° + 10]120°x 2236 (3 26:56°+ 1 [1240° x 100 [1180°
100 00° + 223-6 [193-44° + 100 0420°

(100 +j 0) + (~13-4 +j 2232) + (50 + | 86-6)

1366 + j 309:8 = 338:57 [166:2° volts

Example 18.5. The zero and positive sequence components of red phase are as under :
Eq = 200°V

Eq = (05— 0:866) V;

If the phase voltage E? =3 00°V, find the negative sequence component of red phase and the

phase voltages E, and E,.

Solution.
Eq
or 3

Ery + Er + Ero

(05— 0-866) + 2 + E,

O Negative sequence component in R-phaseis

|

ER2
In polar form, Ero
Now E,
=

0-5+j 0-866 =1 [060° volts

0-5-j 0866 =1+ 60°

[1F 60°] +[10240° x 20109 + [1 [0120° x 1 (1609
13 60°+ 202400+ 1 J180°

(0-5-j0:866) + (-1-j 1.732) + (-1 +j 0)

-1.5-j 2:598

3 [F 120° volts

B +aEg +a° Eg

[1= 60° +[10120°% 2 [10°] + [1 J240° x 1 [160°]
1E 60°+2[0120°+ 1 J300°

(0-5-j 0-866) + (-1 +j 1:732) + (0-5 —j 0-866)

0 volt

Example 18.6. Thecurrent fromneutral to ground connectionis12 A. Calculatethe zero phase

sequence components in phases.

Solution. We know that zero sequence componentsin all phases have the same value and that
each component is equal to one-third the current in the neutral wire.

[0 Zero sequence current in each phase

1
=x12 =
3 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 thefusesin the Y and B phases are removed, find the symmetrical components of the line
currents

(i) before the fuses are removed (i) after the fuses are removed

Solution. Fig. 18.7. showsthe star-connected system with fusesin phasesB and Y.

(i) Beforeremoval of fuses. Before fuses are removed from Y and B lines, the system is
balanced and current in each lineis 90 A.

O m:9OD0°A; W:90D240°A; E’:90D120°A

Sincethe systemisbalanced, it will have only positive sequence currentsi.e., negative sequence
and zero sequence components will be zero in the three lines. This can be readily established.

Ig
R >
Fuses
I
y— % )
Ig
B —P
Fig. 18.7
e

T = o=l
= maar] =2
= §[ Ry B] —5[90D0°+90[|240°+90[|120°]

= % [90010° + 90F 120° + 90 [1120°) =0 A
Hence zero sequence components in three lines are zero.

- e e

= S [9000°+ 15 120° x 901240° + 1 [1120° x 9011207
= 5 [90010° + 9001120° + 90012407

= £ [9000° + 9001120° + 90 120 =0 A

Also I, = alg, =10120°x0=0A

and T, = @1y, =10240°x0=0A

Hence negative sequence componentsin thethreelinesare also zero. It can beeasily shown that
three positive sequence components will have the following values :

T2 =T = 900IP A ; T, = 9001240° A; Tg = T3 =90 0120°A

—

lyy =
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(if) After removal of fuses. When the fuses are removed in Y and B phases, the system be-
comes unbalanced with line currents as under :

—

TR =9000°A ; Ty=T5 =0A
The sequence currents in the three lines can be found out as under :

—

lro = ng

_ 1 - —

= §[IR+IY+IB]

= %[90D0°+0+0]=30EIO°A
i.e. zero sequence current in each lineis 30 OO°A.

_ 11— — 2 —
T = §[|R+a|Y+a o]

= %[9050°+0+0] =30 O0°A

Iy, = a’ Ty =10240° x 30 00° = 30 [1240°A
Ty = alg =10120° x 30 00° = 30 O120°A
T _ 11— 2 — —
o = §[|R+a Iy +alg]

= %[90D0°+0+0]=30EIO°A
I, = alg, =10120°x 3000°= 30 (0120° A

lg, = a’ I_RZ' =1 [J240° x 30010° = 30 [0240° A

The reader may wonder how sequence currents can flow in the yellow and blue lineswhen fuses
areremoved inthem. Theanswer isthat these components do not have separate existence. They are
only the mathematical components of the current which doesexist. Thusthe currentintheyellow line
is zero and this can be readily established from its sequence components:

o= Tothytly,
30 0J0° + 30 0240° + 30 J120°
3000°+30[# 120°+30[0120°=0A

Similary, it can be proved that sum of sequence currentsin the blue lineis zero and that is what
thecircuit reveals.

Example 18.8. A 3-¢, 4-wire-system suppliesloadswhich 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 [J0° A and the negative phase sequence component is 100 [J60°A. The
total observed current flowing back to the supply in the neutral conductor is300 (7300° A. Calculate
the currentsin the threelines.

Solution.

Zero phase sequence current in R-lineis

Ty = % x Current in neutral wire
= % x 300 J300° = 100 [1300°A
Positive phase sequence current in R-lineis
T, = 20000°A

Ik
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Negative phase sequence current in R-lineis

O CurrentintheR-line,

Currentinthe Y-line,

CurrentinB line,

| 81

R

@

100 0060°A

Toy + T + T, =100 0300° + 200 [0° + 100 6 0°
(50 - j 86:6) + (200 + 0) + (50 +j 86-6) = 300 10° A
T +a Ig +alg

100 0300° + 1 [1240° x 200 0P + 10120° x 1000160°
100 [J300° + 200 [1240° + 100 [1180°

(50 - j 86-6) + (=100 ~ j 173-2) + (~100 + 0)

- 150 - j 259-8 =300 F 120°A

Ty +alg +a’ Iy

100 J300° + 1 [0120° x 200 [J0° + 1 [J240° x 100 160°

100 [J300° + 200 [1120° + 100 0J300°
(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 A-con-
nected load through the line Ris 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. Theline currentsare:

Tp =1000°A ; T, =100180°A ; T, =0A
I =10 £0° A
R »
y IY=124180°A
B
I=0
Fig. 18.8
R-line
T = 3[R+ T +T3] = £ [ 2000°+ 100180°+ 0] =0 A
To = 3[lm+aly +a Tg] = £ [ 1000°+ 10120° x 100180° +0]
= 5-j289=578F 30°A
N 1+, .27 ~1_1
i = §[|R+a IY+aIB]:§[10D0°+1D240°><10D180°+0]
= 5+j2:89 =578 030°A
Y-line

T =0A

a’ Ty =10240°x 578 3 30°=5.78 F 150° A
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B-line

Bl
—

IBZ

aly, = 10120° x 5.78 (130° = 5.78 O 150°A

To =0A
aly =10120°x 578 3 30°= 578 090° A
a® T, =10240°x 5:78 030°= 578 & 90°A

Note that components |5, and I 5, havefinite values although the line B is open and can carry no
net current. Asexpected, thesumof |5, and |, iszero. However, the sum of componentsinlineRis
10010°A and the sum of componentsin line Y is 1001180°A.

Example 18.10. Three resistors of 5Q, 10Q and 20Q 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 ?

II’
»
Ll

A 4

Yo

@

(i)

Fig. 18.9

Solution. Let the voltages across 5Q, 10Q and 20Q be E , E, and E_ respectively and the

corresponding currents in the resistors be m ) W and E’. These voltages can be represented by the

vector diagram shown in Fig. 18.8 (ii).

Ep =-10000°V ;
Currentin5Q,  T_=E./5 =
Currentin10Q, T, =E /10 =

Currentin20Q, T, =E, /20

Sequencecurrentsin resistors

E, =100060°V ; E,=1005 60°V
@:—ZODOOA

100 060° _

o =10 060°A

100 60° _

g =50 60°A

Zero sequence component of m is

—

Iro

P Wl Wl

|
|

—

+

<
+

—
o |
@

[-20 00°+ 10 J60° + 5 3 609

5 [(-20+]0) +(5+ 866) + (25~ 4:33)]
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% [-12:5 +j 4-33]
- 417 +j 1.44 = 4.41 1160-9°A

Positive sequence component of m is

—

Ik

LRral Ty

%[—20D0°+1D120°><10[|60°+1[|240°><5EF 60°]

% [~20 [10° + 10 [1180° + 5 [11807]

%[(—20+j 0) + (=10 +j 0) + (-5+ 0)]

% [-35+j 0]
~11.66 +j 0 = 1166 [1180°A

Negative sequence component of m is

B T S
§[|R+a Iy +alg]

% [~20010° + 1 [1240° x 10 [160° + 1 1120° x 5 F 607]
% [~20 0P + 10 J300° + 5 (1609

% [(-20+j0) + (5] 8:66) + (25 + ] 4-33)]

% [-125-j433] = -417-j 144 =44 F 1609° A

The sequence components of W and ﬂ; can be found as under :
Tve =T, = 4410160-°A

Ivo = Iro

|Y1:32E1’ = 10240° x 11-66 J180° = 11-66 LJ60° A
|_Y2’:aE2> = 10120°x 4-4 3 160-9°=4-4[F 40-9° A

4.41 0160-9° A
T~ =al, 1 [0120° x 11-66 [1180° = 11-66 0300° A
E = a2 @ 10240° x 4.4 3 160-9°= 4.4 [079-1° A
Sequence currentsin supply lines

— —

Linecurrentin R-line, Ir = IB—W =5 60°- 10 0O60°
(25-j4-33) - (5+] 8:66)

-25-j12:99=1322 5 100°A

LinecurrentinY-line, T, = T -1, =-2000°-53 60°

(-20+j 0) - (25 - j 4-33)

~22.5 + ] 433 = 22:91 [116%° A

= 1, - T, = 100160° - (-20010°)

(5+j866)-(-20+j 0)

25+ 8:66 = 2645 [119-1°A

Linecurrent in B-line,

o
|
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Zero sequence component of ﬁ is

o = 2T+ +T) =20 =0ax
Positive sequence component of ﬁ is
T, = %(Ir+aw+azﬁ)
= 1 -T)vali-To) ve <1
= La(+aly +a’Tg) -a* (T +aTy +a° Ty
[-a®=1landa’=4a]
- %:(a—az)(?+ 7+a2E)]
Now a-a’ = jJ3adT +al, +a’T, =31
: I = 303w

= jVB1,=]+3(-1166+j0)
= —-j202=202F 90°A
Negative sequence component of ﬁ is

5= A var
- 315 () va(s T
= % az(IR+a2 IY+aE)—a TQ+a2E' +a@)]
= e -a i+ T +al)
Now a-a=-j3andl,+a’l, +al, =31,
0 o = 5(FiVBx3Ig)=-] V3 xTy

= -} 3 X (-417 -] 1-44)
= -25+]72=7-62 [0109-1°A
Note. Incidentally, we have the formulas for relation among sequence components in the phases and lines.

T, = B3Iy & 15 =-V81y

rl

Example 18.11. A delta connected load is supplied from a 3-phase supply. The fuse in the B
lineis removed and current in the other two linesis 20 A. Find the symmetrical components of line
currents.

Solution. Let R, Yand B bethe supply lines. When fuseintheline B isremoved, thevariousline
currentsare:

* Sincevectorsumoflr y b:O’ IrO =0

**  This shows that in delta formation, the zero sequence currents are present in phases but they disappear in
line currents. Asline current isthe difference of two phase currents, therefore, the zero sequence compo-
nents cancel out.
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I, = 2000°A; T, =200180°A ; T, =0A

R-line
= 1[T+T+T]:l[2omo<>+2om1800+01
ro 3 r y b 3
= 21(20+j0)+ (-20+]0) + 0] = 3 [0] = 0A
- _ 11~ — 2 —
I = §[Ir+aly+a N
= %[20D0°+1D120°><20[|180°+0]
= % [20 010 + 20 13009] = % [(20 +j0) + (10 - j 17:32)]
= %[30—] 1732] =10 - 577 = 11.54 3 30°A
— _ 11 2 — —
i = §[|r+a Iy +aly)
= %[20D0°+1D240°><20D180°+0]
= % [20 CI0° + 20 [160°] = % [(20 +0) + (10 + 17:32)]
= %[30+j 17:32] = 10+ 577 = 11.54 I30°A
Y-line
UO) = I_rO)ZOA
T, = al, =10240°x 1154 F 30°= 11.54 0210° A
T, = al, =10120°x 1154 J30°= 11.54 0150° A
B-line
Ty = 1o =0A
T, = al, =10120°x 1154 3 30° = 11.54 [190°A
T, = a’ T, =10240°x 1154 130° = 11.54 0270° A

Example 18.12. Threeimpedancesof 5—10, 6 + j 5and 3 + j15 ohmsare 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 theline current | ..

Solution. Thisisacase of unbalanced 3-phase star connected load supplied from abalanced 3-
phase supply. Since the phase sequenceis RY B,

0 Viy = 3300000°V ; Vi =a” Vg, = 3300 [1240°V

Let \TR , 7 and \TB be the voltages across impedances in R, Y and B phases respectively and
T2, 1, and T, theresulting line currents.

O Va-Vy =V, = 3300+j0

and V, -V, =Vig = 3300(-05 - j 0-866)

vy +tlg = 0A
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0 Q:@:TBO’ = DA
IR
P> R
Vad
Iz
Iy
Fig. 18.10

Vg = (5-j10)T; = (5-j10) (Q+Q+g)

= (5-j10) (Q +Q) ()
V% = (6+i5) T, =(6+]5) (g + Ty, +1;)

= (6+i9) (T, +1,,)

= (6+]5) (8 Ty + 2Ty (i)

ol

= (3+]15) Ty = (3+]15) (Tgo + Ty +Tey)
= (3+]15) (g + Ty
(3+]15) (algy +a” Ty ..(iii)

Subtracting exp. (ii) from exp. (i), we get,

%o = (17 + 1) (6 110) (6 T +aT) 6 419
or 3300 = (367-)23)Iy +(1233 -] 127) T, (iv)

Subtracting exp. (iii) from exp. (ii), we get,

(a° T +aTg) (6+5) —(aTgy +a° Trp) (3 +]15)

— —

Vo~ Vs

or 3300(-0-5-j 0-866) = (158-] 2-8)@ - (18:84 -] 12-8)@
or -1650 -j 2858 = (15-8-j 2-8) G - (1884 - 12-8)@ (V)
Solving exps. (iv) and (v), we get,

Q = 134-j65

and T, = 95+j141
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0 Tn = Ty +1y =(134-)65) + (95 +] 141)

229+j76=2413F 184°A
Example 18.13. A star connected load consists of three equal resistors of 1 Q resistance. The
load is assumed to be connected to an unsymmetrical 3-phase supply, the line voltages are 200 V,

346V and 400 V. Find the magnitude of current in any phase by the method of symmetrical compo-
nents.

Ig
<

10 Iy P Reference axis

4

-<
=5/
=

y ]
(o]

(@) (i1)
Fig. 18.11

Solution. Thisis 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 | oad receiving unbalanced supply. Fig. 18.11
(it) showsthevector diagram. Sincethevector sum of threevoltagesis
zero, these can be represented by the three sides of atriangle as shown

inFig. 18.12. Referring to Fig. 18.12, it isclear that :

(2)? = (1 +1-75cos 0)* + (1.75sin B)°

or 4 =1+ (1-75)* (cos” © + sin” B) + 2 x 1.75 cos B
or 4=1+3x1+35cos6 Vgy =200V =1 unit
O cosO = (4-4)/35=0 Fig. 18.12
O 6 =090°
and cosq = LT105¢c0s6 _1+0 _ ¢
2 2
O a =60°

Asthe phase sequenceis RYB, therefore, various line voltages are :

\E = 200 J180° = (=200 + jO) V
\m = 346 [1180° — 90° = 346 [(190° = (0 +j 346) V
\E = 400 [ 60°= (200 —j 346) V
The current in any phase (or line) is equal to phase voltage divided by resistancein that phase.
0 Linecurrent, T, = 2209180 _ 41547 n1g0e A
1x /3
Linecurrent, T, = 230090 _199.77 g0 A

1x4/3
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Linecurrent, T, = 205 6% _ 535043 600n

1x /3
Sequence componentsin red phase are :
— 1M — —
IRO = §[IR+ IY + IB]
= % [115-47 (1180° + 199-77 [190° + 230-94 & 609

= % [(-115-47 + 0) + (0 + | 199:77) + (11547 — | 199-99)]

= % [0] = 0A
i =it
= % [115-47 [1180° + 1 [1120° x 199-99 [190° + 1 [1240° x 23094 3 607]
= % [115-47 [1180° + 199-99 [1210° + 230-94 [11807]
= % [(-115-47 +j0) + (-173 - j 99-99) + (-230-94 + jO)]
= % [-519-4 - j 99-99] = -173-13 - j 33-3= 176:3 F 16%°A
Iw = g[k+a T val]

= % [115-47 [1180°+ 1 [1240° x 199-99 [190° + 1 [1120° x 230-94 F 607]
= % [115-47 (J180° + 199-99 [1330° + 230-94 1609
= % [(-115-47 + jO) + (173 — j 99-99) + (115-47 + j 199-99)]

= % [173 +] 100] = 57-66 + | 33-3 = 66:58 130° A

TUTORIAL PROBLEMS

1. Ina3-phase, 4-wire system, currentsin R, Y and B lines under abnormal conditions of loading are:
Ir=150 045°A ; l,=2500150°A ; Ig =100 J300° A
Calculate the zero, positive and negative phase sequence currents in the R-line and return current in the
neutral connection.
[lo=5220112-7°A; |5, =48-02F 87-6°A; Iz, = 163-21 040-45° A; | = 156:6 O0112-7° A]
2. Ina3-phase system, the phase voltages are as under :
Exr=100V; Eg=103 120°V; E,=0V
Find the zero, positive and negative phase sequence components in the R-phase.
[Ego = —0-33 0120°V; Eg, = - 0-33 0240°V; E, = 0-66 00° V]
3. Thecurrentsin a 3-phase unbalanced system are :
[r=(80+j0)A ; ly=(-10-j60) A ; lg=(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.
[lgo=0A; lg, =7658013°A ; |5, =18123 72:6°A; | = 0A]
4. A 3-phase, 4-wire system suppliesloads which are unequally distributed in the three phases. Ananalysis

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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Iy = (7-89+) 0-732) A ; I = (211 - 2732) A
Thetotal observed current flowing back to supply in the neutral conductor is zero. Calculate the current
in the three lines. [[R=(10-j2A; I, =(-2-]4) A, 1g=(-8+]6) A]

18.6 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, theimpedance which any piece of equipment offersto
positive sequence current will not necessarily be the same as offered to negative sequence current or
zero segquence current. Therefore, in unsymmetrical fault cal culations, each piece of equipment will
have three values of impedance—one corresponding to each sequence current viz.

(i) Positive sequence impedance (Z,)

(ii) Negative sequence impedance (Z,)

(iii) Zero sequence impedance (Z,)

Theimpedance offered by an equipment or circuit to positive sequence current is called positive
sequenceimpedance and isrepresented by Z,. Similarly, impedances offered by any circuit or equip-
ment to negative and zero sequence currents are respectively called negative sequence impedance
(Z,) and zero sequence impedance (Z,).

The following points may be noted :

(a) Ina3-phasebalanced system, each piece of equipment or circuit offersonly oneimpedance—
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) Ina3-phase unbalanced system, each piece of equipment or circuit will havethree values of
impedance viz positive sequenceimpedance, negative sequenceimpedance 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. Thisis due to the fact that impedance of
such circuitsisindependent 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.
Asthispathisgenerally 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.

18.7 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 currentsis of considerableimportance
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) Synchronousgenerators
(if) Transformers
(iif) Transmissionlines
(i) Synchronousgenerators. 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 synchronousimpedance of the machine. The negative sequenceimpedanceis much less
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than the positive sequence impedance. The zero sequence impedance is a variable item and if its
valueisnot given, it may be assumed to be equal to the positive sequence impedance. In short :
Negative sequenceimpedance < Positive sequence impedance
Zero sequence impedance = Variableitem
= may betaken equal to +ve sequence impedanceif itsvalueis
not given
It may be worthwhile to mention here that any impedance Z, in the earth connection of a star-
connected system has the effect to introduce an impedance of 3 Z, 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
aong the neutral earth connection.

(if) Transformers. Sincetransformers have the sameimpedance with reversed phase rotation,
their positive and negative sequence impedances are equal; this value being equal to the impedance
of thetransformer. 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 beinfinite. In short,

Positive sequence impedance = Negative sequence impedance

= Impedance of Transformer
Zero sequence impedance = Poditive sequenceimpedance, if thereiscircuit for earth current
Infinite, if thereis no through circuit for earth current.

(i) Transmission lines. The positive sequence and negative sequence impedance of aline are
the same; this value being equal to the normal impedance of the line. Thisis expected because the
phase rotation of the currents does not make any differencein the constants of theline. However, the
zero sequence impedanceis usually much greater than the positive or negative sequence impedance.
In short :

Positive sequence impedance = Negative sequence impedance

Impedance of theline

Zero sequence impedance = Variableitem

may betaken asthreetimesthe +ve sequenceimpedanceif its
valueisnot given

18.8 Analysis of Unsymmetrical Faults
In the analysis of unsymmetrical faults, the following assumptions will be made:
(i) The generated em.f. system is of positive sequence only.
(if) No current flowsin the network other than due to fault i.e. load currents are neglected.
(iif) Theimpedance of the fault is zero.
(iv) Phase R shall be taken as the reference phase.
In each case of unsymmetrical fault, em.f.s' per phase are denoted by Eg, E, and Eg and the
terminal p.d. per phase by Vg, V, and V.
18.9 Single Line-to-Ground Fault

Consider a 3-phase system with an earthed neutral. Let asingleline-to-ground fault occur on thered
phase as shownin Fig. 18.13. Itisclear from thisfigurethat :

*\7R>:0 and G:WZO

*  Notethat V isthe terminal potential of phase Ri.e. p.d. between N and R. Under line-to-ground faullt, it
will obviously be zero.
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The sequence currentsin the red phase in terms of line currents shall be:

Fig. 18.13

Fault current. First of al expression for fault current m will bederived. Let Z Z and Z 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,

Br = L4+, 24,4102, +Vg
As Va=0 andT, =T, =T,
0 B = h(Z+Z+7)
- [=
or lh = 5——=—= i
Z+5+7 >
0 Fault current, T =37 3E N0 Z,

- R
Z+2+7%
Examination of exp. (i) shows that the equivalent circuit from
which fault current may be calculatedisasgiveninFig. 18.14. Itis QEB 2
clear that fault current is obtained by connecting the phase sequence
impedancesin series across animaginary generator of voltage 3 E..
Thisisawonderful part of the method of symmetrical components Zy
and makes the analysis easy and interesting. In fact, this method
permits to bring any unsymmetrical fault into a simple circuit of

<
<

Fig. 18.14
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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 Z,, then expression for fault current becomes :

- _3E
"z 743

It may be added here that if the neutral is not grounded, then zero sequence impedance will be
infinite and the fault current iszero. Thisisexpected because now no path existsfor 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 em.f. system is of positive sequence only, the sequence
components of em.f. in R-phase are:

E=0: E=0adE=F
The sequence voltages at the fault for R-phase are :

N — - = — E)ﬁ
v = ER—|121:ER—%
4+ 2, + 2,
. Z+7Z —
D \/1 = = 2—> O—> ER
Z+7Z,+ 7,
= 0-Z 2
Z+Z,+7Z,
—_ P _? g
V, = 0-1 = —=2=
0 0 0 =1 — — R
Z+Z,+7Z,
It can be readily seen that \/ +V, +V, =0. This is expected because R-phase is shorted to

ground.
O Thephasevoltages at fault are:

V= G+ =0
T O _ o 2= —
W =VY%ravt+ay,
v = G+ay+aly
Summary of Results. For line (R-phase)-to-ground fault :
. . Eq - -
(i) g = letcurrmt:% ; Iy=0 ; 15=0
4+ 2, + 4
(if) Ve =0
% = e ray
v, = Grav+a’y

18.10 Line-to-Line Fault

Consider aline-to-line fault between the blue (B) and yellow (Y) lines as shown in Fig. 18.15. The
conditions created by thisfault lead to :

— —

V=V ; 15=0 and1, +1,=0
Again taking R-phase as the reference, we have,
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T = 3T T =0
Now % =V

Expressing in terms of sequence components of red line, we have,

— 2 =7 - _ — i
WwHa \y+al, = \y+aV +a',

o

or V@ -a) =V, (@ -a)
0 Vo=V 0
R In=0
te.,
Ig
> 14
Fig. 18.15
Also E’+_B' =0

or (a2+a)lﬁ1+E)+2ﬁ0 =0
or L+, =0 (i)
Fault current. Examination of exp. (i) and exp (ii) reveals x
that sequence impedances should be connected as shown in Fig. I,
18.16. Itisclear fromthefigurethat :
-
I, = -, ==—=
Z+7Z, Z, Vo
Faultcurrent, Ty = T +a’ 1, +al,
= 0+a?| R |va| R
2+7,) \z+z 2
Ex ig. 18.
_ (az —a) R Fig. 18.16
ZZ
— ~ V3 Er 1
n+z,

Phasevoltages. Sincethegenerated em.f. systemisof positive phase sequence only, the sequence
components of em.f. in R-phase are:

E=0: B0 mE-F



Unsymmetrical Fault Calculations 447

The sequence voltages at the fault for R-phase are:

— — - = — ? =
V. = E.-1.Z = E. -| =R
iz s 5
0 Vo= 2 E
Z+7
— e ? —
YA :O_ZZZZ?NZZ =
\7(; = 0—_0)2 =0
The phase voltages at fault are :
Ve T WtV Y,
S0+ 2 F =2
Z+Z, © 7+7
-, 27, —
D V = —»ZQ—y ER
A
— _ = 2= —
V, = p+a y+ay,
- 0+a?| 2 E|+ a| =2 E;
Z+7, Z+7,
- (@+a)| =2, E,
Z+7,
_ Zz,
0 v, =~ = 2 Eg (- a®+a=-1)
Z+7
Ve = V, +al, +a’ v
- 0+a| =2 By |+ o2 E
Z+Z, Z+Z,
- (@+a)| =2 E,
Z+7
_, Zz,
O V, = _% ER
5 Z+g

Summary of Results. For line-to-linefault (Blue and Yellow lines) :

() =0 : T=-T = 1¥8E

Z+7
(”) VY:VB = _% ER and VR:—’ 2_, ER
Z+7 Z+7

18.11 Double Line-to-Ground Fault
Consider the double line-to-ground fault involving Y-B lines and earth as shown in Fig. 18.17. The



448 Principles of Power System

conditions created by thisfault lead to :
m =0 : \7Y> :\TB> =0

Tei=10
R
8
v Fault current
L =lg+1y
Fig. 18.17
Since V, = V;=0,itisimpliedthat :
\/l =V = VO = § VR (|)
Also T = I,+,+1,=0  (given) (i)
Fault current. Examination of exp. (i) and exp. (ii) *
revealsthat sequence impedances should be *connected as I+ I Iy
shownin Fig. 18.18. Itisclear that : T
— Z1
Ti = % v
Z+ 2%, ‘
Z+7 :
= R 7,3 V. 2,9 Vo
Lo--T %
2 - 1 = -
2, + 2,
o = -T =2
Z,+ 2,
R S0 z, O o
- —_ *%x = — — .
Fault current, T = 1y +15 = 31, H 1ZZTZOH Fig. 18.18
S I — .
Z,+ 2, Z_,__%zzo_)
Z+7,
_ 37, By
L Z+%5+727

*SinceV] =V, =V, == Vg, sequenceimpedances must bein parallel.

wl-

- 1
Iy = (IR+IY+IB) =3 (0 + Fault Current)

0 Faultcurrent = 3|0
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Phase Voltages. The sequence voltages for phase R are:

V=E-1Z: %=0-,Z: %,=0-17
Now \71 = \72:\70:%?
0 Ve =+, +Y =3V,
Vo= aVrah+g =@ rar)y, (=1 =1)
= 0x\, = (- a+a+1=0)

Vo = aV+a®\,+V] = (a+a’ +)V, =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 j12 j 10

Negative sequence impedance j 09 j 10

Zero sequence impedance j 0-4 j 30
IR

[
>

ull—e

I,=0

;=0

Fig. 18.19

If a fault from one phase to earth occurs on the far end of the feeder, calculate

(i) the magnitude of fault current

(if) lineto neutral voltage at the generator terminal

Solution. Thecircuit diagramis shown in Fig. 18.19. The fault is assumed to occur on the red
phase. Taking red phase asthe reference,

Phase em.f. of R-phase, E =11 x10%/+/3 = 6350 V
(i) Thetotal impedanceto any sequence current isthe sum of generator and feeder impedances
to that sequence current.

O Total Z, = j12+)10 = j22Q
Total Z, = j09+j10 =j19Q
Totd Z, = j04+j30 =)34Q
For aline-to-ground fault, we have,
o - o [ 6350

=1, =1, = = - . -
h=12=l Z+7,+Z, (22+]1@+j34
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|
&
o

~ 846 A

<
| &

0 Fault current, = 31, =3x (-] 846) = —j 2538 A
(if) Line-to-neutral voltage of R-phase,

py)

— —_— -

Ve = RR= 114 1,2, 1y 2
where Z;, Z, and Z,, are the sequence impedances of generator.
E-To(Z2+Z+7%)
6350 — (] 846) (j 1.2+ 0-9 + ] 04)
6350 + 846 (] 2.5)
6350 — 2115 =4235V

Example 18.15. A 3-phase, 11 kV, 10 MVA alternator has sequence reactances of X, = 0-05
p.u., X; = 0-15 p.u. and X, = 0-15 p.u. If the generator ison 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 em.f. be ?R =1p.u.
Line-to-ground fault. Suppose the fault occurs on thered phase. Then,

—

T ==l =R
1 2 0 71+Y2’+Y0’
- 1 1 .
= - - - = - = —j 2
. lo = joms5+joms+joms  joms - 2%
0 Fault current, T, = 31, =3x(-j 285 =-j855A

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 1) islimited by the positive sequence
reactance (i.e. X;) only.

= " =_—- = -|6[66

O  Fault current, l4 z {005 j66

Ratio of two fault currents = I:R = 21805 - 10g
lg, - ] 666

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 X, = 0-05 p.u., X; = 0-2 p.u. and X,
= 0-2 p.u. isgrounded through a reactance of 0-3 Q. Calculate the fault current for a singlelineto
ground fault.

Solution. Fig. 18.20 showsthe circuit diagram. Thefault isassumed to occur on the red phase.
Taking red phase as the reference, let its phase em.f. be ETQ =1p.u.
First of al, convert the reactance X, into p.u. value from the following relation :

kVA rating

*p.u. value of = inohmsx ———_ "= 9
P % =% (kV)? x 1000

kVA rating

* %X, =X, inohms x 5
(kV)* x10

. If thisvaueisdivided by 100, we get p.u. value.
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—— —— e —
= 03x —225*000 =0:062 p.u.
(11)% x 1000

I
IY=
I5=10
Fig. 18.20
For aline-to-ground fault, we have,
o _T _1T _ EI;
Il - I2 - IO e — pr—
X+ X, +(X, +3 X))
_ 1
jOR2+j0R2+j(0D5+3 x0 [062)
=_ 1 - _j1572pu
j 0636
Fault current, Tp = 3T = 3x (-] 1572) = - 4716 p.u.
O Fault currentin amperes = Rated current x p.u. value
25 x10°
= o _xA4[716 = 61838 A
V3 x11x10°

Example18.17. A 3-phase, 3-wire system hasa normal voltage of 10-4 kV between thelines. It
issupplied by a generator having positive, negative and zero sequence reactances of 0-6, 0-5 and 0-2
Q 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 phaseem.f. is:

Phaseem.f. of R-phase, Eg = 1044 x 10°//3 = 6000V
Now X; =j06Q; X, =j05Q; X =j02Q

For line-to-linefault, we have,

V3 Eq

X+ X%

/3 x 6000

= ———— =04475A
(06 +00H)

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.

Fault current, I (in magnitude)
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Solution. Suppose the fault involves yellow and blue phases and the ground. Taking red phase

asthereference, let its phase em.f. be E? =1lp.u.

Now, 71 =j0-08p.u. ; E =j0-07p.u. ; % =j 0-05p.u.
For adouble line-to-ground fault, we have,

Fault current, T = T+T, = =— _2(LERﬁﬁ
X Ko+ XK K+ % %
_ ~3xj 007 x1
jOD8x | 007+ 008x]0M5+] 007 xj 005
_ -jo1
— (56 +40 +35) x10~*
. 4
= J0R1x10° _ 46y,
131

Example 18.19. A 20 MVA, 11 kV, 3-phase, 50 Hz generator hasits neutral earthed through a
5%reactor. Itisinparallel 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 alineto ground short circuit occursin the common bus-bar, determine the fault
current.

LY

Fig. 18.21

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 em.f. Eg = 11 x
10°/4/3 = 6351 V. For alineto ground fault, the * equivalent circuit will be as shownin 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 becauseits neutral is ungrounded. However, the zero sequence reactance of generator 1 =15% + 3
x 5% = 30%.
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—_———

\ED }

V:U'_'

20% 20% X;=10%

6!59 10% 10% 6@ g X, = 5%

30% X, = 30%

—
<

@) )
Fig. 18.22

A

The percentage reactancesin Fig. 18.22 (ii) can be converted into ohmic values as under :

0 reactance x (Voltagein kV)? x 10

X, =
Base kVA
2
= 10x LY x10 _ 6050
10° x 20
2
X, = 5x 107 *10 - 93005 0
10° x 20
_ 1D)?x10 _
= 30x 22 X - 18150
% 10° x 20
. 3E, 3x 6351
g Fault current, I, = R = _ - i
"7 X +X +% 100605+ 003025+ 10815
= 19053 - _jeo08A
j 207225

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-Linefault = 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;, X, and X, bethe positive, negative and zero sequence reactances respectively
of the alternaor.
Eon

For 3-phase fault, Fault current = (magnitude)

11000/+/3

or 2000 =
X



454 Principles of Power System

—-—

11000
0 X, = =——— =3175Q
1 J3x2000
For line-to-line fault, we have,
3E .
Fault current = u (magnitude)
X+ X%
or 2600 = Y3*110003
X+ X
or X, +X, = —121%’8 =42310
0 X, = 4231-X,=4231-3175=1.056 Q
For line-to-ground fault, we have,
Fault t kil (magnitude)
aditcurret = —————— magnitude,
X X+ %
or 4200 = 3%1100043
X+ X+ %
or X+ X,+ X, = % = 4536 Q
0 X, = 4536-X, - X,=4536-3175- 1.056 = 0-305 Q

1.

TUTORIAL PROBLEMS

A 3-phase, 75 MVA, 0-8 p.f. (lagging), 11-8 kV star-connected aternator having its star point solidly
earthed supplies afeeder. 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 17 j01
Negative sequence impedance (p.u.) j 0:18 j 01
Zero sequence impedance (p.u.) j 0-12 j0-3

Determine the fault current for aone line-to-earth fault occuring at the far end of the feeder. The gener-
ated em.f. per phaseis of positive sequence only and is equal to the rated voltage per phase. [4400 A]

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 = j2pu.

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 (i) one

line-to-earth fault (iii) two line-to-earth fault. The generated em.f. per phaseisequal to therated voltage.
[(i)1840 A (ii) 4920 A (jii) 3580 A]

The per unit values of positive, negative and zero sequence reactances of anetwork at fault are 0-08, 0-07

and 0-05 respectively. Determine the fault current if fault is line-to-line-to-ground. [ 16 p.ul]

18.12 Sequence Networks

Theanalysisof 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 équence current and zero seguence current), there will be
three sequence networks for agiven power system, namely ;

1. Positive sequence network
2. Negative sequence network
3. Zero sequence network

1. Postive sequence network. The positive sequence network for a given power system
shows all the paths for the flow of positive sequence currentsin the system. It isrepresented by one-
line diagram and is composed of impedances offered to the positive sequence currents. While draw-
ing the positive sequence network of agiven power system, thefollowing points may bekeptin view:

(i) Eachgenerator inthe systemisrepresented by the generated voltagein serieswith appropriate

reactance and resistance.

(if) 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.

(i) 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 em.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 currentsin the system. It isalso represented by
one-line diagram and is composed of impedances offered to the negative sequence currents. The
negative sequence network can bereadily obtained from positive sequence network with thefollowing
modifications:

(i) Omit the em.fs. of 3-phase generators and motors in the positive sequence network. Itis

because these devices have only positive sequence-generated voltages.

(if) 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.

(iif) 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 val ue as the corresponding positive sequence impedances.

3. Zerosequence 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 componentsin the system. Thefollow-
ing points may be noted about zero sequence network :

(i) The zero sequence currents will flow only if there isareturn path i.e. path from neutra to

ground or to another neutral point in the circuit.

(if) Inthe case of asystem with no return path for zero sequence currents, these currents cannot
exist.

18.13 Reference Bus for Sequence Networks

While drawing the sequence networks, it is necessary to specify thereference 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. Thisislogical because positive or negative sequence components represent
bal anced setsand hence all the neutral points must be at the same potential for either positive
or negative sequence currents.

(if) For zero sequence network, the reference busisthe ground at the generator.

Example 18.21. An unloaded generator is grounded through a reactance Z,, 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 networksfor this system.

IR

[
>

-llll—o

Fig. 18.23
(i) Postiveseguence 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 em.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.

151 Reference bus
En (=
Iy
za
1 I
> i R

(@) (i)
Fig. 18.24
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(if) Negative sequencenetwork. A negative sequence network contains no em.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) showsthe nega-
tive sequence current paths whereas Fig. 18.25 (ii) shows the single-phase negative sequence net-

work.

Iﬁz Reference bus
Z,
Iy,
IBf Igo
> i R
(@) (i)
Fig. 18.25

(iif) Zerosequencenetwork. The zero sequence currents flow through phasesaswell asthrough
the reactance Z,, asshowninFig. 18.26 (i). Itisclear that current flowing inimpedance Z,,is3ly,. It

isbecause gy =lgo = Iy,
0 Voltage drop of zero sequence current from R to ground
= = 3lgoZn~ lroZo
= -1,(32,+2Z)
Therefore, the per phase impedance to zero sequence current is3 Z, + Z,. Fig. 18.26 (ii) shows
the zero sequence network.

Ilio Reference bus
Iyo % 37
»- n
8o Iro
> & R
(@) (i)
Fig. 18.26

Example 18.22. Draw the zero sequence network for (i) star-connected load with no earth
connection (ii) star-connected load with Z_ from neutral to ground (iii) delta-connected load.

Solution. (i) Fig. 18.27 (i) showsthe star connected load with no earth connection. In thiscase,
neutral current iszero and no zero sequence current can exist. Fig. 18.27 (ii) showsthe zero sequence

network.
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Reference bus

Z,
N ToTseT

@ Fig. 18.27 @)

(i) Fig.18.28(i) showsastar connected |oad with animpedance Z,, between neutral and ground.
Fig. 18.28 (ii) showsthe zero sequence network. Notethat if impedance Z,, is placed between neutral
and ground, then an impedance of 3 Z,, must be placed between the neutral and reference bus of zero
sequence network.

Reference bus

Fig. 18.28

(iii) Since adeltaconnected 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.

Reference bus

Fig. 18.29

SELF-TEST

1. Fill in the blanks by appropriate words/figures.
(i) Themost common type of 3p unsymmetrical fault is...............
(if) In abaanced 3—¢ system, negative and zero phase sequence currents are ............. .
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(iii) In a3-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 lineis ............. to the negative sequence
impedance.

(V) The zero sequence impedance of different elements of power systemis generdly .......... .
2. Pick up the correct wordsfigures from the brackets and fill in the blanks.

(i) A symmetrical fault on apower systemis.......... severe than an unsymmetrical fault. (more, less)
(if) The operator ‘& rotates the vector through .......... in the anticlockwise direction. (90°, 120°, 180°)
(i) a—a = . (jV3,-j3,1)
(iv) Onthe 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 generaly ........ the positive or
negative sequence impedance. (the same as, different from)

ANSWERS TO SELF-TEST

1. (i) Singleline-to-ground (ii) zero (iii) one-third (iv) equa (v) different
2. (i) more (ii) 120° (iii) j /3 (iv) more (v) different from

CHAPTER REVIEW TOPICS

1. Whatisa3-@unsymmetrical fault ? Discussthe different types of unsymmetrical faultsthat can occur on
a 3-@system.
2. Discussthe ‘symmetrical components method’ to analyse an unbalanced 3-¢ system.
3. What isoperator ‘a’ ? Show that :
(i) a®=-05-j0:866 (i) a=1
(i) 1+a+a’=0 (ivy a-a =3
. Express unbalanced phase currentsin a 3-¢ 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.

Derive an expression for fault current for singleline-to-ground fault by symmetrical components method.
. Derive an expression for fault current for line-to-line fault by symmetrical components method.
. Derivean expression for fault current for doube line-to-ground fault by symmetrical components method.

. 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
(if) Negative sequence network
(iii) Zero sequence network

N

© 0N O

DISCUSSION QUESTIONS

1. Why is3-¢ symmetrical fault more severe than a 3-¢ unsymmetrical fault ?

2. Ina3-@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-¢ system ?

. Why do we prefer to analyse unsymmetrical faults by symmetrical components method ?

5. The positive sequence network of apower system issimilar to the negative sequence network. What do
you infer fromit ?

N

To FIRST
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Introduction

uring the operation of power system, itis

often desirable and necessary to switch

on or off the various circuits (e.g., trans-
mission lines, distributors, generating plantsetc.)
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-
rentsthat result from faults on modern high-volt-
age and large capacity circuits. Dueto thesedis-
advantages, the use of switches and fusesislim-
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

460
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the desired function of swithgear in such high capacity circuits. This necessitatesto employ amore
dependable means of control such asisobtained by the use of circuit breakers. A circuit breaker can
make or break acircuit 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 thischapter, we shall
deal with the various types of circuit breakers and their increasing applications as control devices.

19.1 Circuit Breakers
A circuit breaker is a piece of equipment which can
(i) make or break acircuit either manually or by remote control under normal conditions
(i) break acircuit automatically under fault conditions
(iif) makeacircuit either manually or by remote control under fault conditions

Thus acircuit breaker incorporates manual (or remote control) as well as automatic control for
switching functions. Thelatter control employsrelaysand operatesonly 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 unlessthe system becomesfaulty. Of course, the contacts can be opened manually
or by remote control whenever desired. When afault occurson any part of the system, thetrip 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 isthusableto continue until the discharge ceases. The production of arc
not only delaysthe current interruption process but it al so generates enormous heat which may cause
damageto the system or to thecircuit breaker itself. Therefore, the main probleminacircuit breaker
isto extinguish the arc within the shortest possible time so that heat generated by it may not reach a
dangerousvalue.

19.2 Arc Phenomenon

When ashort-circuit occurs, aheavy current flowsthrough 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 areadecreases rapidly and large fault current causesincreased current density and hencerise
intemperature. The heat produced in the medium between contacts (usually the mediumisail or air)
issufficient to ionisetheair or vapourise and ionisetheoil. Theionised air or vapour acts as conduc-
tor and an arc is struck between the contacts. The p.d. between the contactsis quite small and isjust
sufficient to maintain thearc. Thearc providesalow 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. Thegreater the arc resistance, the smaller the current that flows between the contacts. Thearc
resistance depends upon the following factors:

(i) Degreeofionisation— thearc resistanceincreaseswith the decrease in the number of ionised

particles between the contacts.

(if) Length of the arc— the arc resistance increases with the length of the arci.e., separation of

contacts.

*  Important note. In single phase circuits (e.g., lighting circuits etc.), a switch islocated in only one of the
two conductorsto lamps. However, in power circuits, acircuit interrupting device (e.g., acircuit 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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(i) Cross—sectlon of érg—}he arcres stance increaseswith the decreasein areaof X- %ctlon
thearc.

19.3 Principles of Arc Extinction
Before discussing the methods of arc extinction, it is necessary to examinethe factorsresponsiblefor
the maintenance of arc between the contacts. These are:

(i) p.d. between the contacts

(if) ionised particles between contacts

Taking thesein turn,

(i) When the contacts have a small separation, the p.d. between them is sufficient to maintain
thearc. Oneway to extinguish the arc isto separate the contacts to such adistance 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.

(if) Theionised particles between the contactstend to maintainthearc. If thearc pathisdeionised,
the arc extinction will be facilitated. Thismay be achieved by cooling the arc or by bodily
removing theionised particles from the space between the contacts.

19.4 Methods of Arc Extinction
There are two methods of extinguishing the arc in circuit breakersviz.
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 avalue insufficient to maintain the arc. Consequently, the current isinter-
rupted or thearc isextinguished. The principal disadvantage of this method isthat enormous energy
isdissipated inthe arc. Therefore, itisemployed only ind.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 proportiona to its length. The
length of the arc can be increased by increasing the gap between contacts.

(if) Cooling the arc. Cooling helps in the deionisation of the medium between the contacts.
Thisincreasesthe arc resistance. Efficient cooling may be obtained by agas blast directed
aongthearc.

(iif) Reducing X-section of the arc. If the area of X-section of the arc is reduced, the voltage
necessary to maintain the arcisincreased. 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 arcsin 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 redgtance or Current zero method. This method is employed for arc extinction in
a.c. circuitsonly. Inthis method, arc resistance iskept low until current is zero where the arc extin-
guishesnaturally and is prevented from restriking inspite of therising voltage acrossthe 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
extinguishesfor abrief 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 failsto restrike and the current will

of
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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 theionised 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.

(if) high pressure. If the pressure in the vicinity of the arc is increased, the density of the
particles constituting the discharge also increases. Theincreased density of particles causes
higher rate of de-ionisation and consequently the diel ectric strength of the medium between
contactsisincreased.

(i) cooling. Natural combination of ionised particles takes place more rapidly if they are a-
lowed to cool. Therefore, dielectric strength of the medium between the contacts can be
increased by cooling the arc.

(iv) blast effect. If theionised particles between the contacts are swept away and replaced by un-
ionised particles, the diel ectric strength of the medium can beincreased considerably. This
may be achieved by agasblast directed along the discharge or by forcing oil into the contact
space.

19.5 Important Terms
Thefollowing are the important terms much used in the circuit breaker analysis:
(i) ArcVoltage. It isthe voltage that appears across the contacts of the circuit breaker during
the arcing period.

Assoon asthe contacts of thecircuit breaker separate, an arcisformed. Thevoltagethat appears
across the contacts during arcing period is caled the arc voltage. Its value is low except for the
*period thefault current isat or near zero current point. At current zero, the arc voltagerisesrapidly
to peak value and this peak voltage tends to maintain the current flow in the form of arc.

(if) 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- Restriking
pears across the contacts and is caused by the rapid distribu- . vl
tion of energy between the magnetic and el ectric fiel ds associ- Fault /! \ Rfj,f;” eéy
ated with the plant and transmission lines of the system. This current 7 // \ °

Current zero

The current interruption in the circuit depends upon thisvolt- instant

age. If the restriking voltage rises more rapidly than the di-

electric strength of the medium between the contacts, thearc  Voltage
will persist for another half-cycle. On the other hand, if the Fig. 19.1
dielectric strength of the medium builds up more rapidly than

therestriking voltage, the arc fails to restrike and the current will be interrupted.

(iif) Recovery voltage. Itisthe normal frequency (50 Hz) r.m.s. voltage that appears acrossthe
contacts of the circuit breaker after final arc extinction. It is approximately equal to the
systemvoltage.

*  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 90°. Obviously, the arc voltge must have a peak value at this
instant.

transient voltage is known as restriking voltage (Fig. 19.1). /\ /
/
/
System™--
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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 aninstant,
the medium between the contactsis strong enough to prevent the breakdown by the restriking voltage.
Consequently, thefinal arc extinction takes place and circuit current isinterrupted. 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 acrossthe contactsis
of normal frequency and is known as recovery voltage.

19.6 Classification of Circuit Breakers
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 (SF,) or vacuum. Accordingly, circuit breakers may be classi-
fiedinto:
(i) OQil circuit breakerswhich employ someinsulating oil (e.g., transformer oil) for arc extinction.
(if) Air-blast circuit breakersin which high pressure air-blast is used for extinguishing the arc.
(iii) Sulphur hexafluroide circuit breakers in which sulphur hexafluoride (SFy) gasis used for
arc extinction.
(iv) Vacuumcircuit breakersinwhich vacuum is used for arc extinction.
Eachtypeof circuit breaker hasits own advantages and disadvantages. Inthefollowing sections,
we shall discuss the construction and working of these circuit breakers with special emphasis on the
way the arc extinction isfacilitated.

19.7 Oil Circuit Breakers
In such circuit breakers, some insulating oil (e.g., trans- Parting
former oil) isused as an arc quenching medium. The con- contacts
tacts are opened under oil and an arc is struck between :

them. The heat of the arc evaporates the surrounding oil
and dissociatesit into asubstantial volume of gaseous* hy-
drogen at high pressure. The hydrogen gas occupies a

volume about one thousand times that of the oil decom- A" Sifsgfoﬁfr
posed. Theoil is, therefore, pushed away from thearc and .
. Qil
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 Fig. 19.2

cools the arc, thus aiding the de-ionisation of the medium between the contacts. Secondly, the gas

setsup turbulencein the oil and forcesit into the space between contacts, thus eliminating the arcing

products from the arc path. Theresult isthat arc is extinguished and circuit current tinterrupted.
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 gasis produced as aresult of oil decomposition. However, asmall percentage of meth-
ane, ethylene and acetylene is also generated.

T Important. The reader may note that arc itself is employed for its extinction. Therefore, it should not be
regarded as an unfortunate manifestation. 1t must also berealised 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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(i) It acts as an insulator and permits smaller clearance between live conductors and earthed
components.

(iif) Thesurrounding oil presents cooling surface in close proximity to the arc.
Disadvantages. The disadvantages of oil as an arc quenching medium are :
(i) Itisinflammable and thereisarisk of afire.

(if) 1t may form an explosive mixture with air

(iif) Thearcing products (e.g., carbon) remain in the oil and its quality deteriorates with succes-
sive operations. This necessitates periodic checking and replacement of oil.

19.8 Types of Oil Circuit Breakers

The ail circuit breakers find extensive use in the power system. These can be classified into the
following types:

(i) Bulkoil circuit breakerswhich usealarge quantity of oil. Theoil hasto servetwo purposes.
Firstly, it extinguishesthe 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 classifiedinto:

(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 inthetank. However, in the latter type, special arc control
devices are employed to get the beneficial action of the arc as efficiently as possible.

(if) Low oil circuit breakerswhich use minimum amount of oil. In such circuit breskers, ail is

used only for arc extinction; the current conducting parts are insulated by air or porcelain or
organicinsulating material.

19.9 Plain Break Oil Circuit Breakers
A plain-break oil circuit breaker involves the simple process of separating the contacts under the
wholeof theoil inthetank. Thereisno specia systemfor arc control other than theincreasein length
caused by the separation of contacts. The arc extinction occurs when a certain critical gap between
the contactsis reached.

The plain-break ail circuit breaker isthe earliest type from
which all other circuit breakers have developed. It has a very Air cushion
simple construction. It consists of fixed and moving contacts /
enclosed in astrong weather-tight earthed tank containing oil upto _
acertain level and an air cushion above the oil level. The air Oil level
cushion provides sufficient roomto alow for the reception of the )/
arc gases without the generation of unsafe pressure in the dome -]
of the circuit breaker. It aso absorbs the mechanical shock of |
the upward oil movement. Fig. 19.3 showsa*doublebreak plain
oil circuit breaker. Itiscalled adouble break becauseit provides |

two breaksin series. 1 Fixed

Under normal operating conditions, the fixed and moving [== -] Gy
contacts remain closed and the bresker carriesthe normal circuit [-===-———-a--------->_ Moving
current. When a fault occurs, the moving contacts are pulled |_ C‘_’”tac‘s
down by the protective system and an arc is struck which WETSEITES Cl

vapourises the oil mainly into hydrogen gas. Thearc extinction Fig. 19.3
isfacilitated by the following processes :

*  Thistype 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.

T — ax i e ——



ionisation of the medium between the contacts.

(if) The gas sets up turbulence in the oil and helpsin eliminating the arcing products from the
arc path.
(iif) Asthearclengthens due to the separating contacts, the diel ectric strength of the mediumiis
increased.
The result of these actions is that at some critical gap length, the arc is extinguished and the
circuit current isinterrupted.
Disadvantages
(i) Thereisno 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.
(if) These breakers have long and inconsistent arcing times.
(iif) These breakers do not permit high speed interruption.
Dueto these disadvantages, plain-break oil circuit breakers are used only for low-voltage appli-
cations where high breaking-capacities are not important. Itisausual practice to use such breakers
for low capacity installations for voltages not exceeding 111 kV.

19.10 Arc Control Oil Circuit Breakers
In case of plain-break oil circuit breaker discussed above, thereisvery littleartificial control over the
arc. Therefore, comparatively long arc lengthisessential in order that turbulencein 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) Sef-blast ail circuit breakers— in which arc control is provided by internal meansi.e. the

arcitself isemployed for its own extinction efficiently.
(if) Forced-blast oil circuit breakers— in which arc control is provided by mechanical means
external to the circuit breaker.

(i) Sdf-blast ail 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 pressureisdeveloped to force the oil and gasthrough or around the arc to extinguishit. The
magnitude of pressure developed depends upon the value of fault current to be interrupted. Asthe
pressureis generated by the arc itself, therefore, such breakers are some- Fixed contact
times called self-generated pressure oil circuit breakers. r's

The pressure chamber isrelatively cheap to make and gives reduced /m:m_
final arc extinction gap length and arcing time as against the plain-break
oil circuit bresker. Several designsof pressure chambers (sometimescalled

explosion pots) have been developed and a few of them are described Pot 7

below : /24— Throat
(a) Plain explosion pot. Itisarigid cylinder of insulating material

and encloses the fixed and moving contacts (See Fig. 19.4). The moving Az

contact is a cylindrical rod passing through a restricted opening (called 4)

throat) at the bottom. When afault occurs, the contacts get separated and Moving

an arcisstruck between them. The heat of the arc decomposes oil into a SO

gasat very high pressurein the pot. Thishigh pressure forcesthe oil and Fig. 19.4

T Atrelatively high voltages, the size of such abreaker assumesunduly large proportions dueto the necessity
of very long gap between the contacts for successful arc extinction.
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gasthrough and round the arc to extinguishiit. If thefinal arc extinction does not take place while the
moving contact isstill within the pot, it occursimmediately after the moving contact leavesthe pot. It
is because emergence of the moving contact from the pot isfollowed by aviolent rush of gas and il

through the throat producing rapid extinction.

The principal limitation of thistype of pot isthat it cannot be used for very low or for very high
fault currents. With low fault currents, the pressure devel oped issmall, thereby increasing the arcing
time. On the other hand, with high fault currents, the gasis 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) Crossjet explosion pot. Thistype of pot isjust amodification of plain explosion pot and
isillustrated in Fig. 19.5. It ismade of insulating material and has channels on one side which act as
arc splitters. Thearc splittershelpinincreasing the arc length, thusfacilitating arc extinction. When
afault occurs, the moving contact of the circuit breaker beginsto separate. Asthe moving contact is
withdrawn, thearcisinitially struck inthetop of the pot. The gasgenerated by the arc exerts pressure
on the ail in the back passage. When the moving contact uncoversthe 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.

Gas bubble

— Fixed

Back— contact

passage

Fixed contact
Cross jet explosion pot

|:|> Arc splitters

—P1lain explosion pot

Path of —
cool oil

_______ Qil forced
> out

Arc splitters

'\Moving contact Throat Moving contact

Fig. 19.5 Fig. 19.6

The cross-jet explosion pot is quite efficient for interrupting heavy fault currents. However, for
low fault currents, the gas pressure is Tsmall 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 isthe cross-jet explosion pot with two arc splitter ductswhilethelower
oneistheplain explosion pot. When the short-circuit current isheavy, therate of generation of gasis
very high and the device behaves asacross-jet explosion pot. Thearc extinction takes placewhen the
moving contact uncoversthefirst 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 thistime, the gas builds up sufficient pressure asthereisvery little leakage through

*  Since the jet of ail is forced at right angles to the arc path, this type of pot is referred to as cross-jet
explosion pot.

T Therate at which oil movesinto the path of arc is afunction 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 obstructlon offered by the arc path and rlght angle bends. When the
moving contact comes out of the throat, the arc is extinguished by plain pot action.

It may be noted that asthe severity of the short-circuit current increases, the device operates|ess
and less asaplain explosion pot and more and more as a cross-jet explosion pot. Thusthe tendency
isto make the control self-compensating over the full range of fault currentsto be interrupted.

(if) Forced-blast ail circuit breakers. In the self-blast il circuit breakers discussed above, the
arcitself generatesthe necessary pressureto forcethe oil acrossthe arc path. The mgjor limitation of
such breakersis 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. Thisdifficulty is overcomein forced-blast oil circuit breakersin which the
necessary pressureisgenerated by external mechanical meansindependent of the fault currentsto be
broken.

In aforced -blast ail circuit breaker, oil pressure is created by the piston-cylinder arrangement.
The movement of the piston is mechanically coupled to the moving contact. When afault occurs, the
contacts get separated by the protective system and an arc is struck between the contacts. The piston
forces ajet of oil towards the contact gap to extinguish the arc. 1t may be noted that necessary ail
pressure produced does not in any way depend upon the fault current to be broken.

Advantages

(a) Sinceail pressuredeveloped isindependent of the fault current to beinterrupted, the perfor-

mance at low currentsis more consistent than with self-blast oil circuit breakers.

(b) The quantity of oil required is reduced considerably.

19.11 Low OIl Circuit Breakers

Inthebulk oil circuit breakers discussed so far, the oil hasto perform two functions. Firstly, it actsas
an arc quenching medium and secondly, it insulates the live parts from earth. 1t has been found that
only asmall percentage of oil is actually used for arc extinction while the major part is utilised for
insulation purposes. For thisreason, the quantity of oil in bulk oil circuit breakersreachesavery high
figure asthe system voltageincreases. Thisnot only increasesthe expenses, tank size and weight of
the breaker but it also increases the fire risk and maintenance problems.

Thefact that only asmall 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
employssolid materialsfor insulation purposes and usesasmall quantity of oil whichisjust sufficient
for arc extinction. Asregards quenching the arc, the oil behavesidentically in bulk aswell aslow ail
circuit breaker. By using suitable arc control devices, the arc extinction can be further facilitated in a
low ail circuit breaker.

Congruction. 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 isthe
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 isjust enough for arc extinction. Secondly, the amount of oil to be replaced is
reduced as the ail in the supporting chamber does not get contaminated by the arc.

(i) Supporting chamber. Itisaporcelain chamber mounted on ametal chamber. Itisfilled with
oil whichisphysically 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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(if) Circuit-breaking chamber. It isaporcelain enclosure mounted on the top of the supporting
compartment. Itisfilled with oil and hasthe following parts:
(@) upper and lower fixed contacts
(b) moving contact
(c) turbulator
The moving contact is hollow and includes a cylinder which moves down over afixed piston.
Theturbulator isan arc control device and has both axial and radial vents. Theaxial venting ensures
the interruption of low currents whereasradial venting helpsin the interruption of heavy currents.
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Fig. 19.7 Low-oil Circuit Breaker
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(iif) 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
isalso provided with aseparator 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 afault occurs, the moving contact is pulled down by the tripping springs
and an arcisstruck. 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, inwhich the sections of the arc are successively quenched by the effect of separate streams of ail
moving across each section in turn and bearing away its gases.

Advantages. A low ail circuit breaker hasthefollowing advantages over abulk oil circuit breaker:

(i) Itrequireslesser quantity of oil.

(i) It requires smaller space.

(iif) Thereisreduced 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) Dueto smaller quantity of oil, the degree of carbonisation isincreased.

(if) Thereisadifficulty of removing the gases from the contact spacein time.

19.12 Maintenance of Oil Circuit Breakers

The maintenance of oil circuit breaker is generally concerned with the checking of contacts and
dielectric strength of oil. After acircuit 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 itsdielectric
strength due to carbonisation. Thisresultsin the reduced rupturing capacity of the breaker. There-
fore, it isagood 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.

(if) Check the dielectric strength of the ail. If the oil isbadly 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.
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(iif) Check the insulation for possible damage. Clean the surface and remove carbon deposits
with astrong and dry fabric.

(iv) Check theail level.
(v) Check closing and tripping mechanism.

19.13 Air-Blast Circuit Breakers
These breakers employ a high pressure *air-blast as an arc quenching medium. The contacts are
openedin aflow of air-blast established by the opening of blast valve. Theair-blast coolsthearc and
sweeps away the arcing products to the atomsphere. Thisrapidly 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 isinterrupted.
Advantages. Anair-blast circuit breaker hasthe following advantages over an oil circuit breaker:
(i) Therisk of fireis eliminated.

(if) Thearcing products are completely removed by the blast whereas the oil deteriorates with
successive operations; the expense of regular oil replacement is avoided.

(iif) Thegrowth of dielectric strength is so rapid that final contact gap needed for arc extinction
isvery small. Thisreducesthe size of the device.

(iv) Thearcing timeisvery small due to the rapid build up of dielectric strength between con-
tacts. Therefore, thearc energy isonly afraction of that in oil circuit breakers, thusresulting
in less burning of contacts.

(v) Dueto lesser arc energy, air-blast circuit breakers are very suitable for conditions where
frequent operation is required.

(vi) Theenergy supplied for arc extinction isobtained from high pressure air and isindependent
of the current to beinterrupted.

Disadvantages. The use of air as the arc quenching medium offers the following disadvantges:
(i) Theair hasrelatively inferior arc extinguishing properties.

(if) Theair-blast circuit breakersare very sensitive to the variationsin the rate of rise of restrik-
ing voltage.

(iif) Considerable maintenanceisrequired for the compressor plant which suppliestheair-blast.

Theair blast circuit breakers are finding wide applicationsin high voltage installations. Major-
ity of the circuit breakers for voltages beyond 110 kV are of thistype.

19.14 Types of Air-Blast Circuit Breakers

Depending upon the direction of air-blast in relation to the arc, air-blast circuit breskers are
classifiedinto:

(i) Axial-blast typeinwhichtheair-blastisdirected along the arc path asshownin Fig. 19.8(i).
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1 {
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> : <Blast E—Blast ¢ *W (—* ;

7 /

_ ) Fixed Moving
Moving Moving ¥ contact contact
contact [ | contact

(i) (ii) (i)

Fig. 19.8

*  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 gasis very costly. Therefore, air is used as the circuit breaking medium.
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(i) Cross-blast typein WhICh thealr blast is d| rected at rlght anglesto thearc path asshown in
Fig. 19.8 (ii).
(iff) Radial-blast type in which the air-blast is directed radially as shown in Fig. 19.8 (iii).

(i) Axial-blasgt air circuit breaker. Fig 19.9 shows the essential components of atypical axial-
blast air circuit breaker. The fixed and moving contacts are held in the closed position by
spring pressure under normal conditions. Theair reservoir isconnected to the arcing cham-
ber through an air valve. This valve remains closed under normal conditions but opens
automatically by the tripping impul se when afault occurs on the system.

Arcing chamber

Piston

Moving
contact

Closing
spring

Normal air
clearance for
working voltage

Air Reservoir Series

isolator

Fig. 19.9

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
isstruck. At the same time, high pressure air blast flows along the arc and takes away the ionised
gasesalong with it. Conseguently, the arc is extinguished and current flow isinterrupted.

It may be noted that in such circuit breakers, the contact separation required for interruption is
generally small (1-75cmor so). Such asmall gap may constitute inadequate clearancefor the normal
servicevoltage. Therefore, anisolating switch isincorporated asapart of thistype of circuit breaker.
Thisswitch opensimmediately after fault interruption to provide the necessary clearancefor insulation.

(if) Crossblag air breaker. In this type of circuit breaker, an air-blast is directed at right

anglesto thearc. The cross-blast lengthens and forces the arc into a suitable chute for arc
extinction. Fig. 19.10 shows the essential parts

of atypical cross-blast air circuit breaker. When

the moving contact iswithdrawn, an arc is struck Moving
between thefixed and moving contacts. Thehigh  ontact
pressure cross-blast forcesthe arcinto achute con- .
sisting of arc splitters and baffles. The splitters ©OPening
serveto increase the length of the arc and baffles

give improved cooling. Theresult isthat arcis
extinguished and flow of current is interrupted.

Since blast pressure is same for all currents, the Fig. 19.10

inefficiency at low currentsiseliminated. The final gap for interruption is great enough to
give normal insulation clearance so that a seriesisolating switch is not necessary.

19.15 Sulphur Hexaflouride (SFg) Circuit Breakers

In such circuit breakers, sulphur hexaflouride (SF4) gas is used as the arc quenching medium. The
SF, isan 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 SF, 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
negativeions. Thislossof conducting electronsinthearc quickly builds up enough insulation strength

Arc splitters

Fixed
contact
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to extinguish the arc. The SF; circuit breakers have been found to be very effective for high power
and high voltage service.

Congruction. Fig. 19.11 shows the parts of atypical Sk, circuit breaker. It consists of fixed
and moving contacts enclosed in a chamber (called arc interruption chamber) containing SF, gas.
This chamber is connected to SF, gas reservior. When the contacts of breaker are opened, the valve
mechanism permits a high pressure SF; gas from the reservoir to flow towards the arc interruption
chamber. The fixed contact isahollow cylindrical current carrying contact fitted with an arc horn.
Themoving contact is also ahollow cylinder with rectangular holesin the sidesto permit the SF; gas
tolet out through these holes after flowing along and acrossthe arc. Thetipsof fixed contact, moving
contact and arcing horn are coated with copper-tungsten arc resistant material. Since SF; gas is
costly, itisreconditioned and reclaimed by suitable auxiliary sytem after each operation of the breaker.

Working. Inthe closed position of the breaker, the contacts remain surrounded by SF, gas at a
pressure of about 2-8 kg/cmz. 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 avalvewhich permits Sk, gasat 14 kg/cm2 pressurefrom thereservoir to the arc interrup-
tion chamber. The high pressureflow of SF, rapidly absorbsthe free electronsin 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.
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Advantages. Due to the superior arc quenching properties of SF; gas, the SF; 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 Sk, such circuit breakers have very short
arcing time.
(ii) Sincethedielectric strength of SF; gasis2to 3 timesthat of air, such breakers can interrupt
much larger currents.
(iii) The SF;circuit breaker gives noiselss operation due to its closed gas circuit and no exhaust
to atmosphere unlike the air blast circuit breaker.



(v) Thereisnorisk of firein such breakers because SF; gasis non-inflammable.
(vi) There are no carbon deposits so that tracking and insulation problems are eliminated.
(vii) The SF breakers have low maintenance cost, light foundation requirements and minimum
auxiliary equipment.
(viii) Since SFg breakers are totally enclosed and sealed from atmosphere, they are particularly
suitable where explosion hazard exists e.g., coal mines.

Disadvantages

(i) SFgbreakersare costly dueto the high cost of SF,.

(i) Since SF4gashasto be reconditioned after every operation of the breaker, additional equip-

ment isrequried for this purpose.

Applications. A typical SF circuit breaker consists of interrupter units each capable of dealing
with currentsupto 60 kA and voltagesin therange of 50—80KkV. A number of unitsare connectedin
seriesaccording to the system voltage. SF 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.

19.16 Vacuum Circuit Breakers (VCB)

In such breakers, vacuum (degree of vacuum being in the range from 10 't0107° torr) isused asthe
arc quenching medium. Since vacuum offers the highest insulating strength, it has far superior arc
guenching propertiesthan any other medium. For example, when contacts of abreaker are openedin
vacuum, the interruption occurs at first current zero with dielectric strength between the contacts
building up at arate thousands of times higher than that obtained with other circuit breakers.

Principle. The production of arc in avacuum circuit breaker and its extinction can be explained
as follows : When the contacts of the breaker are opened in vacuum (10'7 to 107 torr), an arc is
produced between the contacts by the ionisation of metal vapours of contacts*. However, thearcis
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. Thereader may note the salient feature of vacuum asan arc quenching medium. Assoon as
the arc isproduced in vacuum, it is quickly extinguished due to the fast rate of recovery of dielectric
strength in vacuum.

Congruction. Fig. 19.12 shows the parts of a typical vacuum circuit breaker. It consists of
fixed contact, moving contact and arc shield mounted inside avacuum 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 asto 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 vapoursfalling on theinside surface of the outer insulating
cover.

Working. When the breaker operates, the moving contact separates from the fixed contact and
an arcisstruck between the contacts. The production of arc isdueto theionisation of metal ionsand
depends very much upon the material of contacts. Thearcisquickly 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 avacuum 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.

(if) Thereareno fire hazards.

(iif) Thereisno generation of gas during and after operation.

(iv) They caninterrupt any fault current. The outstanding feature of aVVCB isthat 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 havelow 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, theinstallation of such outdoor, maintenancefree circuit breakers should prove
adefinite advantage. Vacuum circuit breakers are being employed for outdoor applications ranging
from 22kV to 66 kV. Evenwith limited rating of say 60to 100 MVA, they are suitable for amajority
of applicationsin rural areas.

19.17 Switchgear Components
Thefollowing are some important components common to most of the circuit breakers:
(i) Bushings (it) Circuit breaker contacts
(iii) Instrument transformers (iv) Bus-barsand conductors

(i) Bushings. When ahigh voltage conductor passesthrough ametal sheet or framewhichisat
earth potential, the necessary insulation is provided in the form of bushing. The primary function of
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the bushing isto prevent electrical breakdown between the enclosed conductor and the surrounding
earthed metal work. Fig. 19.13 (i) showsthe use of bushing for aplain-break oil circuit breaker. The
high voltage conductor passes through the bushing made of someinsulating 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.
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The failure of the bushing can occur in two ways. Firstly, the breakdown may be caused by
puncturei.e., dielectric failure of the insulating material of the bushing. Secondly, the breakdown
may occur intheform of aflash-over between the exposed conductor at either end of the bushing and
the earthed metal. Fig. 19.13(ii) illustratesthesetwo possibilities. The bushingsare 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, aflash-over may result in comparatively harmless burning of the surface of the bushing which
can then continue to give adequate service pending replacement.

(if) Circuit breaker contacts. The circuit breaker contacts are required to carry normal as well
asshort-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 effectsto be dealt with are melting and
vapourisation by the heat of the arc and those dueto el ectromagnetic forces. Therefore, the design of
contacts is of considerable importance for satisfactory operation of the circuit breakers. There are
three types of circuit breaker contactsviz.

(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 thetips of the fixed contacts and thetip 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.

]
Y
Moving Arc
Fixed contact
contact . .
@) (i)
Fig. 19.14

(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) Buitt 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 breaskers and air-blast
circuit breakerswhererelatively small “loop” forcesareavailableto assist in opening. Sec-
ondly, thereisno grip force so that thistype of contact is especially suitablefor higher short-

circuit rating.
Moving
contact
Retaining \ Spring i<
device ™7 \\ springs pressure I 1%
0 e L

Butt stationary
contact

Moving
contact

©] )
Fig. 19.15

(i) Ingrument 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. Thisdifficulty isovercome
by installing instrument transformers on the power lines. The function of theseinstrument transform-
ersisto 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
providesfor theinstruments and relaysacurrent which isaconstant fraction of the currentin theline.

Load
1000/5A

C.T.
66000V

PT.
5% "0V

0 o P

||||—0

Fig. 19.16
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Similarly, a potential transformer is connected with its primary in the power line. The secondary
providesfor the instruments and relays a voltage which is aknown 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 potentia 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) Theleadsin the secondary circuits carry relatively small voltages and currents. This per-

mits to use wires of smaller size with minimum insulation.

(iv) Busbarsand 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 tothe overhead lines. In
case of indoor switchgear, the incoming conductors to the circuit breaker are connected to the bus-
bars.

19.18 Problems of Circuit Interruption

The power system contains an appreciable amount of inductance and some capacitance. When afault
occurs, the energy stored in the system can be considerable. Interruption of fault current by acircuit
breaker will result in most of the stored energy dissipated within the circuit breaker, the remainder
being dissipated during oscillatory surgesin 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.

% e I

~)e

L C.B
St B EE ors
e=E,sinot Il
) ¥

(1) (it)
Fig. 19.17

Fig. 19.17 (i) shows a short-circuit occuring on the transmission line. Fig 19.17 (ii) showsits
equivalent circuit where L istheinductance per phase of the * * system upto the point of faultand C is
the capacitance per phase of the system. The resistance of the system is neglected asit is generally
small.

(i) Rateof rise of re-striking voltage. It is the rate of increase of re-striking voltage and is
abbreviated by R.R.R.V. Usudly, thevoltageisinkV andtimein  cyrrent i
microseconds so that R.R.R.V. isin kV/u sec.

Consider the opening of a circuit breaker under fault condi-
tionsshown in simplified formin 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- Syeb
rent will lag the voltage by 90° as shown in Fig. 19.18, where i  yoltage
represents the short-circuit current and e, represents the arc volt- Fig. 19.18

Time

Arc voltage e,

*  Notethat one side of each secondary circuitisgrounded. Thisisdoneto 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 atransient of frequency :

f=_ 1
" 2mJLC
which appears across the capacitor C and hence across the contacts of the circuit bresker. This
transient voltage, as aready noted, is known as re-striking voltage and may reach an instantaneous
peak value twicethe peak phase-neutral voltagei.e. 2 E,,. The system |osses cause the oscillationsto
decay fairly rapidly but theinitial overshoot increases the possibility of re-striking the arc.

Itistherate 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. isgreater 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. isless 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 ashort-circuit occuring near the power station bus-bars, C being small, the natural frequency
f, (=12 tJ/LC) will be high. Consequently, R.R.R.V. will attain a large value. Thus the worst

condition for acircuit breaker would be that when the fault takes place near the bus-bars.

(if) Current chopping. It isthe phenomenon of current interruption before the natural current
zerois 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. Thisphenomenon isknown 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). Supposethe arc currentisi whenitis
chopped down to zero value as shown by point ain Fig. 19.19 (ii). Asthe chop occursat currenti,
therefore, the energy stored ininductanceisL i%/2. This energy will betransferred to the capacitance
C, charging the latter to a prospective voltage e given by :

C 2
Lz = =&
2 2
or e = i\/E volts ()
C

The prospectve voltage eis very *** high as compared to the dielectric strength gained by the
gap so that the breaker restrikes. Asthe de-ionising force is till in action, therefore, chop occurs
again but the arc current thistimeis smaller than the previous case. Thisinducesalower prospective

*  Because capacitance is short-circuited by the fault.

**  Current chopping isnot commonin oil circuit breakers becausein most of them, arc control is proportional
to the fault current to be interrupted. In other words, the exinguishing power in such breakersis propor-
tional to the current to be interrupted.

*** For example, if L and C are 4mH and 0-001 pF respectively, a current chop of magnitude 50 A would

induce a voltage of
| \F 50 | 210 10 100 x 10° volts = 100 kV
= - = = X =
© C 0D01x10°° VoS



which produces insufficient induced voltage to re-strike across the breaker gap. Consequently, the
final interruption of current takes place.

Current finally suppressed
L C.B. before natural current zero
Natural
current zero

t

First current

= chop
Qe c ‘[ Arc current a .

fre | \Recovery
voltage 1 voltage
J Restriking™™ =\ 1.7 T~ Jerpocoso

Vo ' ! t_
voltage (g ! Voltage at which
arc restrikes

@ (i)

Fig. 19.19

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. Thisis ex-
plained in Art 19.19.

(iif) Capacitive current breaking. Another cause of ex- I

iy
cessive voltage surges in the circuit breakersis the interruption A5
of capacitive currents. Examples of such instances are opening
of an unloaded long transmission line, disconnecting a capacitor
Vg Cq

bank used for power factor improvement etc. Consider thesimple @
equivalent circuit of an unloaded transmission line shownin Fig.
19.20. Such aline, athough unloaded in the normal sense, will
actually carry a capacitive current | on account of appreciable &
amount of capacitance C between the line and the earth. Fig. 19.20

L et us suppose that the line is opened by the circuit breaker
at theinstant when line capacitive currentiszero [point 1in Fig. 19.21]. At thisinstant, the generator
voltage \# will be maximum (i.e., ng) lagging behind the current by 90°. The opening of the line
leaves a standing charge on it (i.e., end B of the line) % 5Vgm
and the capacitor C, is charged to V.. However, the
generator end of theline (i.e., end A of theline) contin- Earth ,T\ N ™
ues its normal sinusoidal variations. The voltage V. potential | vy
acrossthecircuit breaker will bethe difference between v P \ /,\

the voltages on the respective sides. Itsinitial valueis AR N VA T
zero (point 1) and increases slowly in the beginning. I’>\/ / /

\ I
But half acyclelater [point R in Fig. 19.21], the poten- \\\ I/I \
tial of thecircuit breaker contact ‘A’ becomes maximum A R
negative which causesthe voltage acrossthe breaker (V,) ¢
to become 2 Vo This voltage may be sufficient to re- ’
strikethearc. Thetwo previously separated parts of the L-_l~3v
circuit will now be joined by an arc of very low resis- .
tance. The line capacitance discharges at once to re- Fig. 19.21
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... This will cause the

transmission voltagetoswingto -4V to+V g i.e, 3V .

am
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The re-strike arc current quickly reaches its first zero as it varies at natural frequency. The
voltageonthelineisnow -3V . and once again thetwo halves of the circuit are separated and theline
isisolated at thispotential. After about half acyclefurther, the aforesaid events are repeated even on
more formidable scale and the line may beleft with apotential of Vym above earth potential. Theo-
retically, this phenomenon may proceed infinitely increasing the voltage by successive increment of
2timesV .

While the above description relates to the worst possible conditions, it is obviousthat if the gap
breakdown strength does not increase rapidly enough, successive re-strikes can build up adangerous
voltagein the open circuit line. However, due to leakage and coronaloss, the maximum voltage on
thelineinsuch casesislimitedto5V .

19.19 Resistance 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 acrossthe circuit breaker contacts as shown in the
equivalent circuit in Fig. 19.22. Thisisknown as resistance switching.
R

A

Oscillatory
restriking voltage

Voltage

Recovery
voltage

Damped
restriking voltage

»

Time

Fig. 19.22 Fig. 19.23

Referring to Fig. 19.22, when afault occurs, the contacts of the circuit breaker are opened and an
arcisstruck between the contacts. Sincethe contactsare shunted by resistance R, apart of arc current
flowsthrough thisresistance. Thisresultsin the decrease of arc current and anincreasein therate of
de-ionisation of the arc path. Consequently, the arc resistanceisincreased. Theincreased arc resis-
tance leadsto afurther increase in current through shunt resistance. This process continues until the
arc current becomes so small that it failsto maintain thearc. Now, thearcisextinguished and circuit
current isinterrupted.

The shunt resistor also helpsin 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
givenby :

f = i i - —1
" 2m \LC g4 RZCZ

The effect of shunt resistance R is to prevent the oscillatory growth of re-striking voltage and
causeit to grow exponentially upto recovery voltage. Thisisbeing 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

0-54/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) Toreducetherate of rise of re-striking voltage and the peak value of re-striking voltage.

(if) To reduce the voltage surges due to current chopping and capacitive current breaking.
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(iif) 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.

19.20 Circuit Breaker Ratings

A circuit breaker may be called upon to operate under al conditions. However, major duties are
imposed on the circuit breaker when there is afault 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.
(i) 1t must be capable of being closed on to afault.
(iif) 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 iscurrent (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).

. o D D-D, Instant of
The breaking capacity is always stated at the r.m.s. value of

B contact separation

fault current at the instant of contact separation. When a fault T R~nee ¥
occurs, there is considerable asymmetry in the fault current due A -\ - 4; y
to the presence of a d.c. component. The d.c. component dies O ~~=17 ] o) Normal
away rapidly, a typical decrement factor being 0-8 per cycle. - zero
Referring to Fig. 19.24, the contacts are separated at DD". At D
thisinstant, the fault current has

X = maximum value of ac. Fig. 19.24

component
y = d.c. component

O Symmetrical breaking current = r.m.s. value of a.c. component

X

J2
Asymmetrical breaking current = r.m.s. value of total current

2
- X 2
= — | +
(ﬁ] ’
Itisacommon practiceto expressthe breaking capacity in M VA by taking into account therated

breaking current and rated service voltage. Thus, if | isthe rated breaking current in amperesand V
isthe rated service line voltage in volts, then for a 3-phase circuit,

Breaking capacity = +/3xV x | x 10° 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 seemsto beillogical to give breaking capacity in MVA sinceit is obtained from the product of
short-circuit current and rated service voltage. When the short-circuit current isflowing, thereisonly
asmall voltage acrossthe breaker contacts, while the service voltage appears across the contacts only
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after the current hasbeen interrupted. ThusMVA rating isthe product of two quantitieswhich 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 arated voltage.

(if) Makingcapacity. Thereisalwaysapossibility of closing or making the circuit under short-
circuit conditions. The capacity of abreaker to “make” current depends upon its ability to
withstand and close successfully against the effects of electromagnetic forces. Theseforces
are proportional to the sguare 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 thefirst 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 thefirst cycle of current wave on closing the
circuit breaker. Thisisbecause the maximum value of fault current possibly occursin thefirst cycle
only when maximum asymmetry occurs in any phase of the breaker. In other words, the making
current isequal to the maximum value of asymmetrical current. To find thisvalue, we must multiply

symmetrical breaking current by /2 to convert thisfrom r.m.s. to peak, and then by 1-8 toinclude the
“doubling effect” of maximum asymmetry. Thetotal multiplication factor becomes /2 x 1.8 =2.55.

O Making capacity =2-55x Symmetrical breaking capacity

(iif) Short-time rating. It is the period for which the circuit breaker is able to carry fault
current while remaining closed.

Sometimes afault on the system is of very temporary nature and persistsfor 1 or 2 seconds after
whichthefaultisautomatically cleared. Intheinterest of continuity of supply, the breaker should not
tripin such situations. Thismeansthat circuit breakers should be ableto carry high current safely for
some specified period while remaining closed i.e., they should have proven short-timerating. 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 effectsand (b) the temperaturerise. Theoil circuit breakers have aspecified limit of
3 secondswhen theratio of symmetrical breaking current to the rated normal current does not exceed
40. However, if thisratio is more than 40, then the specified limit is 1 second.

Normal current rating. It isthe 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
caseisthe temperature rise of current-carrying parts.

Example 19.1. A circuit breaker israted as 1500 A, 1000 MVA, 33 kV, 3-second, 3-phase ail
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

(if) Breaking capacity = 1000 M VA

*  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 voltageis
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.



(iif) Rated symmetrical breaking current = =" 17496 A (r.m.s))
J3x33x10

(iv) Rated making current = 2:55 x 17496 = 44614 A (peak)

(v) Short-timerating = 17496A for 3 seconds

(vi) Rated servicevoltage = 33kV (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 pF. Determine

(i) peak re-striking voltage across the contacts of the breaker
(if) frequency of oscillations
(iii) the average rate of rise of re-striking voltage upto the first peak

Solution. X 5

Inductance per phase, L = L= = 00159 H
2t 21x 50

Capacitanceper phase, ~C = 0-01uF=10"°F

(i) Maximum value of recovery voltage (phase to neutral)
11
Enex = V2% 3 898KV

0  Peakrestrikingvoltage = 2E,,, =2x898=1796kV
(if) Frequency of oscillationsis

1 1 _
f - = 12628 Hz
" 2nJlC  on fomisox10®

(iii) Peak re-striking voltage occurs at atimet given by ;
t = Zlf =nJ/LC = m/0 0159 x10™® =39.6 x 107 sec = 396 1 sec
n

O Averagerate of rise of re-striking voltage
_ Peak re-dtriking voltage _ 17096 kV
" Timeuptofirstpeak ~ 3906 sec
0-453 kV/j1 sec = 453 x 10° k\//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 u sec

(i) the peak re-striking voltage, 100 kV

Determine the average RRRV and frequency of oscillations

Solution.

Peak re- striking voltage
Time to reach peak value
100 kv

- =2 kV/u Sec = 2 x 10° kV//sec
S0usc H

Average RRRV =

Natural frequency of oscillations,
1

f = -
2 x Timeto reach peak value

n
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_ 1
~ 2x50pusec
1
= ——— =10,000Hz
2x50x10

Example 19.4. An air-blast circuit breaker is designed to interrupt a transformer magnetising
current of 11 A (r.m.s.) chopsthe current at an instantaneous value of 7 A. If thevaluesof L and Cin
thecircuit are 35-2 H and 0-0023 pF, find the val ue 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
. |L
e =1 c (See. Art. 19.18)

Here,i=7A ; L=352H and C=0-0023puF

3502
O e=7|————volts=866 x 10°V =866 kV
000023 x 10

TUTORIAL PROBLEMS

1. Acircuit breaker israted 2500 A, 1500 MVA, 33 kV, 3 sec, 3-phase il 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 (i) 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 - TEST

1. Fill in the blanks by inserting appropriate words/figures.
(i) A circuit breaker opens............. when a fault occurs on the system.
(if) A circuit breaker can .......... the circuit immediately after automatic operation.
(i)  When the contacts of a circuit breaker are opened on the occurrence of afault, an ........ is struck.
(iv) An ac. circuit is more easily interrupted than a d.c. circuit because alternating current provides

() If thelength of the arc increases, itsresistance is ..............

(vi) If dielectric strength of the medium between contacts bwlds up more rapidly than the re-striking
voltage, then arc will be .................. .

(vii) Inanoil circuit bregker, ................. is used as the arc quenching medium.
(viii) The quantity of oil needed for arc control oil circuit breakersis............. than that of plain bresk oil-
circuit breaker.
(ix) Current chopping mainly occursin ................. circuit breakers.

(x) Capacitive current breaking resultSin ..........c.cc.....
2. Pick up the correct wordsfigures from the brackets and fill in the blanks.

(i) Crossjet explosion pot breaker can interrupt ............. short circuit currents efficiently.
(heavy, low)
(if) Inforcedblast dil circuit breakers, the extinguishing forceis......... thefault current to beinterrupted.
(dependent upon, independent of)
(iii) Inlow oil circuit breakers, ............... is used for insulation purposes. (solid material, oil)
(iv) Forced-blast circuit breakers have .............. speed of circuit interruption. (low, high)



(i) automatically (ii) remake (iii) arc (iv) natural current zeros (v) increased (vi) extinguished
(vii) somemineral oil (viii) less(ix) air-blast (x) voltage surges
(i) heavy (ii) independent of (iii) solid material (iv) high

A wDhpRE
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10.

1.

12.

13.
14.

15.

CHAPTER REVIEW TOPICS

What isacircuit breaker ? Describe its operating principle.

Discuss the arc phenomenon in a circuit bresker.

Explain the various methods of arc extinction in acircuit bresker.

Define and explain the following terms as applied to circuit breakers :
(i) Arcvoltage

(if) Restriking voltage

(iii) Recovery voltage

Describe briefly the action of an ail circuit breaker. How does oil help in arc extinction ?
Discuss the advantages and disadvantages of oil circuit breakers.

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

Explain the difference between bulk oil circuit breskers and low-ail circuit breakers.

Discussthe constructional detailsand operation of atypical low-oil circuit breaker ? What areitsrelative
merits and demerits ?

Discussthe principleof operation of anair-blast circuit breaker. What are the advantages and disadvantages
of using air as the arc quenching medium ?
Explain briefly the following types of air-blast circuit breakers :
(i) Axia-blasttype
(ii) Cross-blast type
What are the important components common to most of circuit breakers ? Discuss each component
briefly.
Write a short note on the rate of re-striking voltage indicating its importance in the arc extinction.
Discuss the phenomenon of
(i) Current chopping
(ii) Capacitive current breaking
Write short notes on the following :
(i) Resistance switching
(ii) Circuit breaker ratings
(iii) Circuit interruption problems

SN -

DISCUSSION QUESTIONS

Why do plain break oil circuit breakers have alow speed of circuit interruption ?
Isit logical to express the breaking capacity of acircuit breaker in MVA ? Discuss.
Why is current interruption easier in an a.c. circuit than in ad.c. circuit ?

Why are circuit breakers designed to have a short-time rating ?

Isarc production in acircuit breaker unfortunate mainfestation ?

o FIRST
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Fuses

Desrable Characteristics of Fuse
Element

Fuse Element Materials

Important Terms

Types of Fuses

Low Voltage Fuses

High Voltage Fuses

Carrent Carrying Capacity of Fuse

Element

Difference Between a Fuse and
Circuit Breaker

Introduction

t was discussed in the previous chapter that
I acircuit 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. Inventedin 1890 by Edison, fuse
isthe cheapest form of protection against exces-
sive currents. Many improvements have been
made since the invention of first crude model.
Now-a-days, severa types of fusesare available
which find extensive useinlow 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 applicationsin thefast expanding power
system.

20.1 Fuses

A fuseis a short piece of metal, inserted in the
circuit, which meltswhen excessive current flows
through it and thus breaks the circuit.

Thefuseelement isgenerally made of mate-
rials having low melting point, high conductivity
and least deterioration due to oxidation e.g., sil-
ver, copper etc. It isinserted in series with the

487
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circuit to be protected. Under normal operating conditions, the fuse element is at a temperature
below itsmelting point. Therefore, it carriesthenormal current without overheating. However, when
ashort-circuit or overload occurs, the current through the fuseincreases beyond itsrated value. This
rai sesthe temperature and fuse element melts (or blows out), disconnecting the circuit protected by it.
In thisway, afuse protects the machines and equipment from damage due to excessive currents.
1400
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1100 \ «/
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|
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800 = ) ><
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Fig. 20.1

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, afuse has
inverse time-current characteristics as shown in Fig. 20.1. Such a characteristic permitsits use for
overcurrent protection.

Advantages
(i) Itisthe cheapest form of protection available.
(if) It requires no maintenance.

(iii) Its operation isinherently completely automatic unlike a circuit breaker which requires an
elaborate equipment for automatic action.

(iv) It can bresk heavy short-circuit currents without noise or smoke.
(v) Thesmaller sizesof fuse element impose acurrent limiting effect under short-circuit condi-
tions.
(vi) Theinversetime-current characteristic of afuse makesit suitablefor overcurrent protection.
(vii) The minimum time of operation can be made much shorter than with the circuit breakers.
Disadvantages
(i) Considerabletimeislost inrewiring or replacing afuse after operation.
(if) On heavy short-circuits, * discrimination between fuses in series cannot be obtained unless
thereis sufficient difference in the sizes of the fuses concerned.
(iif) The current-time characteristic of a fuse cannot always be co-related with that of the pro-
tected apparatus.

* Discrimination between two fuses is said to occur if on the occurrence of a short-circuit or overcurrent
fault, only the desired fuse operates.
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20.2 Desirable Characteristics of Fuse Element

Thefunction of afuseisto 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.

(if) high conductivity e.g., silver, copper.

(iii) freefrom deterioration due to oxidation e.g., silver.

(iv) low cost e.g., lead, tin, copper.

The above discussion revea sthat no material possessesall 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 afuse.

20.3 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 aloy of lead and tin (lead 37%, tin 63%) is used for making the fuse
element. For larger currents, copper or silver isemployed. It isausual 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 asmall overload.
The present trend isto use silver despiteits high cost due to the following reasons :
(i) Itiscomparatively free from oxidation.
(i) It does not deteriorate when used in dry air.
(iif) 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 along time.
(iv) The conductivity of silver isvery 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) Dueto 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 atemperature much lower than the one at which its vapour will readily
ionise. Therefore, when an arcisformed through the vapourised portion of the element, the arc path
has high resistance. Asaresult, short-circuit current is quickly interrupted.

20.4 Important Terms

Thefollowing terms are much used in the analysis of fuses:

(i) Currentrating of fuseelement. It isthe 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.

(if) Fusingcurrent. It isthe minimum current at which the fuse element melts and thus discon-
nectsthe circuit protected by it. Obvioudly, itsvauewill be more than the current rating of
the fuse element.

For around wire, the approximate relationship between fusing current | and diameter d of the

wireis
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| = kd*
wherek isaconstant, called thefuse constant. Itsvalue dependsupon themetal of which thefuse

element ismade. Sir W.H. Preece found the value of k for different materials as given in the table
below :

Value of k
S. No. Material dincm din mm
1 Copper 2530 80
2 Aluminium 1873 59
3 Tin 4055 12.8
4 Lead 3406 108

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) sizeand location of terminals
(e) previoushistory
(f) type of enclosure used

(iff) Fusing factor. It is the ratio of minimum fusing current to the current rating of the fuse
elementi.e.
Minimum fusing current
Current rating of fuse
Its value is always more than one. The smaller the fusing factor, the greater isthe difficulty in
avoiding deterioration due to overheating and oxidation at rated carrying current. For a semi-en-
closed or rewirablefuse which employs copper wire asthe fuse element, the fusing factor isusualy 2.
Lower values of fusing factor can be employed for enclosed type cartridge fuses using silver or
bimetallic elements.

Fusing factor =

Current rAsymmetricaI
4 PEAS current
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Fig. 20.2
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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 avery large first loop, but it actually generates sufficient en-
ergy to melt the fuseable element well before the peak of thisfirst loopisreached. Ther.m.s.
value of thefirst loop of fault current isknown as prospective current. Therefore, prospec-
tive current can be defined as under:

It isthe 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. Itisthe maximum value of fault current actually reached before the fuse
melts.

On the occurrence of afault, the fault current has a very large first loop due to afair degree of
asymmetry. The heat generated is sufficient to melt the fuse element well beforethe pesk of first loop
isreached (point ‘a’ in Fig. 20.2). The current corresponding to point ‘& isthe 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 isthe 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) Prearcingtime. Itisthetime between the commencement of fault and the instant when cut
off occurs.

When afault occurs, thefault current risesrapidly and generates heat in the fuse element. Asthe
fault current reaches the cut off value, the fuse element meltsand an arc ininitiated. Thetime from
the start of thefault to theinstant thearcisinitiated isknown as pre-arcing time. The pre-arcing time
isgenerally small : atypical value being 0-001second

(vii) Arcingtime. Thisisthe time between the end of pre-arcing time and the instant when the
arcisextinguished.
(viii) Total operating time. It isthe sum of pre-arcing and arcing times.

It may be noted that operating time of afuseisgenerally quitelow (say 0-002 sec.) as compared
toacircuit breaker (say 0-2 sec or s0). Thisisan added advantage of afuse over acircuit breaker. A
fusein serieswith acircuit breaker of low-breaking capacity isauseful 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) Breakingcapacity. Itisther.m.s. value of a.c. component of maximum prospective current
that afuse can deal with at rated service voltage.

20.5 Types of Fuses

Fuseisthe 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, avariety 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) Lowvoltagesfuses (ii) Highvoltagefuses
It isausual practice to provide isolating switches in series with fuses where it is necessary to
permit fuses to be replaced or rewired with safety. |f such means of isolation are not available, the
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fuses must be so shielded asto protect the user against accidental contact with the live metal when the
fuse carrier is being inserted or removed.

20.6 Low Voltage Fuses

Low voltage fuses can be subdivided into two classesviz, (i) semi-enclosed rewireable fuse (ii) high
rupturing capacity (H.R.C.) cartridge fuse.

1. Semi-enclosed rewireablefuse. Rewireablefuse (also known askit-kat type) isused where
low values of fault current areto be interrupted. It consists of (i) abase and (ii) afuse carrier. The
baseisof porcelain and carriesthe fixed contactsto which theincoming and outgoing phasewiresare
connected. The fuse carrier is aso of porcelain and holds the fuse element (tinned copper wire)
between itsterminals. The fuse carrier can beinserted in or taken out of the base when desired.

When afault occurs, the fuse element isblown out and thecircuit isinterrupted. Thefusecarrier
istaken out and the blown out fuse element is replaced by the new one. The fuse carrier isthen re-
inserted in the base to restore the supply. Thistype 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) Thereisapossibility of renewal by the fuse wire of wrong size or by improper material.
(if) Thistype of fuse has alow-breaking capacity and hence cannot be used in circuits of high
fault level.
(iif) Thefuseelement issubjected to deterioration due to oxidation through the continuous heat-
ing up of the element. Therefore, after sometime, the current rating of the fuseis decreased
i.e., the fuse operates at alower current than originally rated.

(iv) Theprotective capacity of such afuseisuncertain asit isaffected 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 isabout 4000 A. Therefore, the use of thistype of
fusesislimited 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 fusesisovercomein H.R.C. cartridge fuse.
Fig. 20.3 shows the essential parts of atypical H.R.C. cartridge fuse. It consists of a heat resisting
ceramic body having metal end-caps to which iswelded 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.

- Fuse element Outer element
Filling powder

Fuse link
................................................. contact

Brass
end plate

Cartridge
Fig. 20.3

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 reachesitsfirst peak. The heat produced
in the process vapourisesthe melted silver element. The chemical reaction between the silver vapour
and thefilling powder resultsin the formation of a high resistance substance which helpsin quench-
ing the arc.

Advantages
(i) They are capable of clearing high aswell aslow fault currents.
(if) They do not deteriorate with age.
(iif) They have high speed of operation.
(iv) They providereliable 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.
(if) Heat produced by the arc may affect the associated

switches.

3. H.R.C. fuse with tripping device. Sometime, H.R.C. Plunger
cartridge fuse is provided with a tripping device. When the fuse
blows out under fault conditions, the tripping device causes the 71T Elraries
circuit breaker to operate. Fig. 20.4 showsthe essential partsof a charge
H.R.C. fuse with a tripping device. The body of the fuse is of ™ Weak link
ceramic material with a metallic cap rigidly fixed at each end. L s
These are connected by anumber of silver fuse elements. At one shunt
end is a plunger which under fault conditions hits the tripping " .
mechanism of the circuit breaker and causes it to operate. The 1T Z'g’grem:e

plunger iselectrically connected through afusible link, chemical
charge and atungsten wire to the other end of the cap as shown. Fig. 20.4

When afault 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 operatethe circuit breaker. Thetravel of the plunger isso set that it isnot gjected from the
fuse body under fault conditions.

Advantages. H.R.C. fuse with atripping device has the following advantages over a H.R.C.

fuse without tripping device:

(i) In case of asingle phase fault on a three-phase system, the plunger operates the tripping
mechanism of circuit breaker to open al the three phases and thus prevents “single phas-
ing”.

(if) Theeffectsof full short circuit current need not be considered in the choice of circuit breaker.
This permitsthe use of arelatively inexpensive circuit breaker.

(iif) Thefuse-tripped circuit breaker is generally capable of dealing with fairly small fault cur-
rentsitself. Thisavoidsthe necessity for replacing the fuse except after highest currentsfor
which it isintended.

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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HRC Fuse

20.7 High Voltage Fuses
The low-voltage fuses discussed so far have low normal current rating

and breaking capacity. Therefore, they cannot be successfully used on HED
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) Cartridgetype. Thisissimilar in general construction to the X
low voltage cartridge type except that special design featuresareincorpo- N N
rated. Some designs employ fuse elements wound in the form of a helix R :\\ T Fuse link
so asto avoid corona effects at higher voltages. On some designs, there § N Cork

aretwo fuse elementsin parallel ; one of low resistance (silver wire) and
the other of high resistance (tungsten wire). Under normal load condi- iz
tions, thelow resistance el ement carriesthe normal current. When afault — Liquid

occurs, the low-resistance element is blown out and the high resistance director
element reduces the short-circuit current and finally breaksthe circuit.

High voltage cartridge fuses are used upto 33 kV with breaking ca-
pacity of about 8700 A at that voltage. Rating of theorder of 200 A at 6-6
kV and 11 kV and 50 A at 33 kV are also available.

(if) 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 theliquid fuse. It consistsof a
glasstubefilled with carbon tetrachl oride sol ution and seal ed at both ends
with brass caps. The fuse wire is sedled 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 wireisblown out. Asthe fuse melts, the spring
retracts part of it through a baffle (or liquid director) and draws it well
into theliquid. The small quantity of gas generated at the point of fusion Fig. 20.5
forces some part of liquid into the passage through baffle and there it
effectively extinguishesthearc.

(iif) Metal clad fuses. Metal clad oil-immersed fuses have been developed with the object of
providing asubstitutefor the oil circuit breaker. Such fusescan beused for very high voltage circuits
and operate most satisfactorily under short-circuit conditions approaching their rated capacity.
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20.8 Current Carrying Capacity of Fuse Element

The current carrying capacity of a fuse element mainly depends on the metal used and the cross-
sectional areabut 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 R = Constant x Effective surface area
or |2(p|—a) = constant x d x |
where d = diameter of fuse element
| = length of fuse element

O 2__pl > = constant xd x|

(r/4)d
or 1> = constant x d®
or > od (1)

Expression (i) isknown as ordinary fuse law.
Example 20.1. Afusewireof circular cross-section hasa radius of 0-8 mm. Thewire blows off
at a current of 8A. Calculate the radius of the wire that will blow off at a current of 1A.

Solution.

or _2) :0[8)((%) = 02mm

ly

1
-
[
X
N

20.9 Difference Between a Fuse and Circuit Breaker

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 | It performsinterruption function
interruption functions. only. The detection of fault is
made by relay system.
2. Operation Inherently completely automatic. | Requires elaborate equipment
(i.e. relays) for automatic action.
3. Breaking capacity Small Very large
4. Operating time Very small (0-002 sec or so) Comparatively large (0-1 to 0-2
Sec)
5 Replacement Requiresreplacement after every |  No replacement after operation.
operation.

SELF - TEST

1. Fill intheblanksby inserting appropriate words/figures

(i) Fusesare generally used in circuits where................
(if)  The minimum time of operation of afuseis...............

operations are not expected.
than that of acircuit breaker.
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(iii) A fuse element should have................ melting point.
(iv) The disadvantages of tin fuse element is that its vapour tendsto ............... when it blows out.
(v) Thevalue of fusing factor isalways............... than unity
(vi) Semi-enclosed rewireable fuses have ............... breaking capacity.
(vii) A fusehas............... time current characteristics.
(viii) Theaction of afuseis......c........ completely automatic.
(ix) Thefuse element isgenerally madeof ...............
(x) Thefusemeltswell ............... the first peak of fault current is reached.
2. Pick up the correct wordg/figures from the brackets and fill in the blanks.
(i) Afuseis......... than other circuit interrupting device of equal breaking capacity.
(cheaper, costlier)
(if) For the same material, heavy-current fuse wires must have ............... diameters than for smaller
currents. (larger, smaller)

(iii) A fuseperforms............... functions. (both detection and interruption, interruption)
(iv) Afusehas............. breaking capacity as compared to acircuit breaker. (low, high)

ANSWERS TO SELF-TEST

1. (i) frequent (ii) smaller (iii) low (iv) maintainthearc (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 TOPICS

1. What isafuse ? Discuss the advantages and disadvantages of a fuse.
2. Why do we prefer silver asafuse element ?
3. Define and explain the following terms:
(i) fusing current (i) cut off current (iii) operating time (iv) breaking capacity
4. Write short notes on the following :
(i) Semi-enclosed rewiresble fuse
(if) H.R.C. cartridge fuse
(iii) Difference between afuse and circuit bresker

DISCUSSION QUESTIONS

1. Why arecircuit 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 ?

o FIRST
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Introduction
n a power system consisting of generators,
I transformers, transmission and distribution
circuits, it isinevitable 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 aretwo 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 apparatuslimitsthe amount
of damageto it and prevents the effects of fault
from spreading into the system.

The detection of afault and disconnection
of afaulty section or apparatus can be achieved
by using fusesor relaysin conjunction with cir-
cuit breakers. A fuse performs both detection
and interruption functions automatically but its
useis limited for the protection of low-voltage
circuitsonly. For high voltagecircuits (say above
3:3kV), relaysand circuit breakersare employed
to serve the desired function of automatic pro-
tective gear. Therelaysdetect the fault and sup-
ply information to the circuit breaker which per-
formsthefunction of circuit interruption. Inthis
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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.

21.1 Protective Relays

A protectiverelay 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 conditionsin 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 changesin one or more of these quantities, the faultssignal their presence, type and location to the
protectiverelays. Having detected thefault, the relay operatesto close thetrip circuit of the breaker.
Thisresultsin the opening of the breaker and disconnection of the faulty circuit.

A typical relay circuit is shown in Fig. 21.1. Thisdiagran pgys-bar
shows one phase of 3-phase system for simplicity. Therelay cir-
cuit connections can be divided into three parts viz.

(i) First partisthe primary winding of acurrent transformer
(C.T.) which is connected in series with the line to be protected. )i

(ii) Second part consists of secondary winding of C.T. and ©-B-{ |‘ [ S

the relay operating cail .

| 1

| 1

T 1

(iif) Third part isthetripping circuit which may beeither a.c. | !

or d.c. It consistsof asource of supply, thetrip coil of the circuit €>—' g !

breaker and the relay stationary contacts. il [ !

When a short circuit occurs at point F on the transmission L___J2
line, the current flowing in thelineincreasesto an enormousval ue. e Relay coil

Thisresultsin aheavy current flow through therelay coil, causing
therelay to operate by closing its contacts. Thisin turn closesthe Fig, 21.1

trip circuit of the breaker, making the circuit breaker open and

isolating the faulty section from therest of the system. Inthisway, therelay ensuresthe safety of the
circuit equipment from damage and normal working of the healthy portion of the system.

21.2 Fundamental Requirements of Protective Relaying

The principa 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 (i) speed (i) sengtivity

(iv) reliability (v) simplicity (vi) economy

(i) Selectivity. Itistheability of the protective systemto 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 selectivei.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. Thiscan beillustrated by referring to the single line diagram
of aportion of atypical 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 thefaulty section. Thus, if afault occursat bus-bars on the last zone, then only breakers nearest
tothefault viz. 10, 11, 12 and 13 should open. Infact, opening of any other breaker to clear the fault
will lead to agreater part of the system being disconnected.
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In order to provide selectivity to the system, it isausual practiceto divide the entire system into
severa protection zones. When afault occursin a given zone, then only the circuit breakers within
that zone will be opened. Thiswill isolate only the faulty circuit or apparatus, leaving the healthy
circuitsintact. The system can be divided into the following protection zones :

(a) generators (b) low-tension switchgear (c) transformers

(d) high-tension switchgear (e) transmissionlines

It may beseenin Fig. 21.2 that thereis 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
failurein the region between zoneswould not liein either region and, therefore, no breaker would be
opened. For thisreason, a certain amount of overlap* is provided between the adjacent zones.

(if) 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 currentsfor along

time.

(b) A failureonthesystem leadsto agreat reduction inthe system voltage. If thefaulty 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) Sendtivity. It is the ability of the relay system to operate with low value of actuating

quantity.

Sensitivity of arelay isafunction 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
sensitiveistherelay. Thus, al VA relay ismore sensitivethan a3 VA relay. Itisdesirablethat relay
system should be sensitive so that it operates with low values of volt-ampereinput.

*  Theoverlapisusually small and the probability of failurein thisregionislow. Therefore, opening of too
many breakers will be quite infrequent.



500 Principles of Power System

(iv) Reiability. Itisthe ability of therelay system to operate under the pre-determined condi-
tions. Without reliability, the protection would be rendered largely ineffective and could even be-
come aliability.

(v) Simplicity. Therelaying 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 schemeisthe
economic aspect. Sometimesit iseconomically unjustified to use an ideal scheme of protection and
acompromise method hasto be adopted. Asarule, 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.

21.3 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 theindividual or relative changesin these two quantities, faults signal their
presence, type and location to the protective relays. Having detected the fault, the relay operatesthe
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

(if) Electromagneticinduction

21.4 Electromagnetic 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 asolenoid. Such relays may be actuated by d.c. or a.c.
quantities. The important types of electromagnetic attraction relaysare :

(i) Attracted armaturetyperday. Fig. 21.3 shows the
schematic arrangement of an attracted armature typerelay. It T

consists of alaminated electromagnet M carrying acoil C and o

apivoted laminated armature. The armatureis balanced by a

counterweight and carriesapair of spring contact fingersat its To trip
free end. Under normal operating conditions, the current c circuit
through the relay coil Cis such that counterweight holds the é S II

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 isausual practice to provide a number of tappings on the relay coil so that the
number of turnsin use and hence the setting value at which the relay operates can be varied.

(if) Solenoid typereay. Fig. 21.4 showsthe schematic arrangement of asolenoid typerelay. It
consists of asolenoid and movable iron plunger arranged as shown. Under normal operating condi-
tions, the current through the relay coil Cis such that it holds the plunger by gravity or spring in the
position shown. However, on the occurrence of afault, the current through the relay coil becomes

Fig. 21.3
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more than the pickup value, causing the plunger to
be attracted to the solenoid. The upward movement
of the plunger closesthetrip circuit, thus opening the
circuit breaker and disconnecting the faulty circuit.

(iif) Balanced beamtyperelay. Fig. 21.5shows
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 therelay coil is such that the beam
isheldinthehorizontal position by the spring. How-
ever, when afault 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.

Electromagnetic relay

21.5 Induction Relays

Electromagnetic induction relays operate on the principle of induction motor and are widely used for
protectiverelaying purposesinvolving a.c. quantities. They are not used with d.c. quantitiesowing to
the principle of operation. Aninduction relay essentially consists of apivoted aluminium disc placed
in two alternating magnetic fiel ds of the same frequency but displaced in time and space. Thetorque
isproduced in thedisc by theinteraction of one of the magnetic fieldswith the currentsinduced 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). Thetwo a.c. fluxes @, and ¢, differing in phase by an angle a induce
e.m.f.s inthediscand causethe circulation of eddy currentsi, and i, respectively. Thesecurrentslag
behind their respective fluxes by 90°.

Referring to Fig. 21.6 (ii) where the two a.c. fluxes and induced currents are shown separately
for clarity, let

@ = Q@ Snwt
@ = @ Sn(wt+a)
where @, and @, are the instantaneous values of fluxes and @, leads @, by an angle a.

Assuming that the paths in which the rotor currents flow have negligible self-inductance, the
rotor currentswill bein phase with their voltages.

O i, O do

d .
o O o (@ SiINWT)
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() (it)
Fig. 21.6
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and i, O dd—qiz O @y COS (W T+ )
Now, F, Op,i, ad F,0@i,;

Fig. 21.6 (ii) shows that the two forces are in opposition.
O Net force F at theinstant considered is
FOF-F
Do ,i — @i,
U@ ppax SN (Wt +a) @y COSWE = @y SIN WE @Gy, COS(W1T+ Q)
00 1rax Bomax [SIN (T +a) coswt —sinwtcos(wt + a)]
D (\o Imax (pZmax S na
e ,@,sna ()
where @, and @, are ther.m.s. values of the fluxes.

The following points may be noted from exp. (i) :

(a) The greater the phase angle a between the fluxes, the greater isthe net force applied to the
disc. Obviously, the maximum force will be produced when the two fluxes are 90° out of
phase.

(b) Thenet forceisthe same at every instant. Thisfact does not depend upon the assumptions
made in arriving at exp. (i).

(c) Thedirection of net force and hence the direction of motion of the disc depends upon which
flux isleading.

Thefollowing three types of structures are commonly used for obtaining the phase differencein

the fluxes and hence the operating torque in induction relays :

(i) shaded-polestructure

(i) watthour-meter or double winding structure

(iif) induction cup structure
(i) Shaded-poledructure. The general arrangement of shaded-pole structureis shown in Fig.
21.7. It consists of apivoted 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 @, in the shaded protion of the poleswill, owing to the reaction of the current induced in the
ring, lag behind the flux ¢, in the unshaded portion by an angle . Thesetwo a.c. fluxes differing in
phase will produce the necessary torque to rotate the disc. Asproved earlier, thedriving torque T is
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given by;
T Do (@,sina
Assuming the fluxes @, and @, to be proportional to the current | in the relay coil,
T O *sina

This shows that driving torqueis proportional to the square of current in the relay coil.
Upper magnet
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Lower magnet

Fig. 21.7 Fig. 21.8

(if) Waetthour-meter sructure. This structure getsits 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 carriestwo windings; the pirmary and the secondary. The primary winding carriesthe
relay current |, 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 circulatesacurrent I, init. Theflux ¢, induced
inthelower magnet by the current in the secondary winding of the upper magnet will lag behind ¢, by
ananglea. Thetwo fluxes @ and @, differing in phase by a will produce adriving torque on the disc
proportional to ¢,@, sina.

An important feature of this type of relay is that its operation can be controlled by opening or
closing the secondary winding circuit. If thiscircuit isopened, no flux can be set by thelower 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.

(iif) Induction cup dructure. Fig. 21.9 shows the genera 1
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 freeto rotate.
Themoving elementis
a hollow cylindrical
rotor whichturnsonits
axis. Therotatingfield
> To trip circuit js produced by two
pairsof coilswound on
Stationary core four poles as shown.
The rotating field
induces currentsin the

cup to provide the Induction relay
° s, © necessary driving torque. If @, and @, represent the fluxes
2 produced by the respective pairs of poles, then torque
Fig. 21.9

produced is proportional to @,@, sin a where a is the phase
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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, thistype of relay has very high speed and may have an operat-
ing time less then 0-1 second.

21.6 Relay Timing

An important characteristic of arelay isitstime 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. Sometimesit is desirable and necessary to control the operating time of a
relay. For this purpose, mechanical accessories are used with relays.

(i) Ingantaneousrelay. An instantaneous relay is one in which
no intentional time delay isprovided. Inthiscase, therelay contactsare ©
closed immediately after current in the relay coil exceeds the minimum ———>
calibrated value. Fig. 21.10 shows an instantaneous solenoid type of o——L_ I I
relay. Although therewill beashort timeinterval between theinstant of _
pickup and the closing of relay contacts, no intentional time delay has pIer?ger —
been added. The instantaneous relays have operating time less than 0-1 Fig. 21.10
second. Theinstantaneous relay is effective only where the impedance
between the relay and sourceis 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 /50 second in a 50-cycle system.

(i) Inversetimerelay. 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 showsthetime-
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
withrelays.

To trip
— circuit

AAAN

~ To trip

T [ — circuit

| :r\>
2 ! a3 I I
=] O ' =3 g :
= cTg i s Z Time limit
£ I P 9 fuse
o 1
© 1 Pick-up
[oR
o :é/value

O A cCurrent—»
Fig. 21.11 Fig. 21.12 Fig. 21.13

(a) Inaninduction relay, the inverse-time delay can be achieved by positioning a permanent
magnet (known as a drag magnet) in such away 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 slowsits motion.

(b) Inother types of relays, the inverse time delay can be introduced by oil dashpot or atime-
limit fuse. Fig. 21.12 showsan inversetime solenoid relay using oil dashpot. The pistonin
the oil dashpot attached to the moving plunger slowsits upward motion. At acurrent 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 timeis shortened dueto greater pull on the plunger.
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The inverse-time characteristic can also be obtained by connecting atime-limit fusein 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 remainsintact, 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 passthrough thetrip coil, thus opening the circuit breaker. Thetime-
lag between theincidence of excess current and thetripping of the breaker isgoverned 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 adisadvantage.

(iii) Definite timelag 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 isindependent of the
amount of current through the relay coil ; being the same for al values of current in excess of the
pickup value. 1t may be worthwhile to mention here that practically al inverse-time relays are also
provided with definite minimum time feature in order that the relay may never becomeinstantaneous
initsaction for very long overloads.

21.7 Important Terms

It isdesirable 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. Solong asthe current in therelay islessthan the pick-up value, the relay does not operate
and the breaker controlled by it remainsin the closed position. However, when therelay coil current
is equal to or greater than the pickup value, the relay
operates to energise the trip coil which opens the cir- 5
cuit breaker. 50 75 100 125 150 175 2Q0

(if) Current setting. It is often desirable to ad-
just the pick-up current to any required value. Thisis jl
known as current setting and isusually achieved by the
use of tappings on the relay operating coil. The taps I‘; é’f;?ﬁ'] :
arebrought out to aplug bridgeasshowninFig. 21.14. i
The plug bridge permitsto alter the number of turnson
therelay coil. Thischangesthe torque on the disc and Fig. 21.14
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. withwhichtherelay
isassociated and represents the val ue above which the disc commencesto rotate and finally closesthe
trip circuit.

O Pick-up current = Rated secondary current of C.T. x 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% morethan 5A i.e 5x 1.25=6-25A. 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.

(i) Plug-setting multiplier (P.S.M.). Itistheratio of fault current in relay coil to the pick-up
currenti.e.
Fault current in relay coil

PSM. = Pick - up current
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_ Fault current in relay coil
~ Rated secondary current of CT x Current setting
For example, suppose that arelay is connected to a 400/5 current transformer and set at 150%.
With aprimary fault current of 2400 A, the plug-setting multiplier can be calculated as under :
Pick-upvalue = Rated secondary current of CT x Current setting

= 5x15=75A
Fault currentinrelay coil = 2400 x 4—(5)0 =30A
O PSM. = 30/75=4 0.4

(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. Thetime-setting dial iscalibratedfromOto1lin g o
steps of 0.05 sec (see Fig. 21.15). These figures are multipliers to be

0.6

Time
multiplier

used to convert the time derived from time/P.S.M. curve into the actual 0.8
operating time. Thus if the time setting is 0-1 and the time obtained

from the time/PS.M. curve is 3 seconds, then actual relay operating 4 1.0
time=3x0-1=0-3second. For instance, in aninduction relay, thetime

of operation is controlled by adjusting the amount of travel of the disc Fig. 21.15

from its reset position to its pickup position. Thisisachieved by the adjustment of the position of a
movabl e backstop which controlsthetravel of the disc and thereby variesthetimeinwhich therelay
will closeits contactsfor given valuesof fault current. A so-called “timedial” 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 therelay.

21.8 Time/P.S.M. Curve

Fig. 21.16 shows the curve between time of operation and plug setting multiplier of atypical relay.
The horizontal scaleismarked intermsof plug-setting multiplier and represents the number of times
therelay current isin excess of the current setting. The vertical scaleis marked in terms of the time
requiredfor relay operation. If thePS.M. is10, thenthetimeof operation (from the curve) is3 seconds.
The actual time of operation is obtained by multiplying thistime by the time-setting multiplier.

12
|

T10\
4
g LI\
£ o1\
E
g
‘54
(0]
& ]

2

0 2 4 6 8 10 12 14 16 18 20
P.S.M.—»

Fig. 21.16
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It is evident from Fig. 21.16 that for lower values of overcurrent, time of operation variesin-
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.

21.9 Calculation of Relay Operating Time

In order to calculate the actual relay operating time, the following things must be known :
(@) Time/P.S.M. curve
(b) Current setting
(c) Timesetting
(d) Fault current
(e) Current transformer ratio
The procedure for calculating the actual relay operating timeisasfollows:
(i) Convert thefault current into the relay coil current by using the current transformer ratio.
(if) Expresstherelay current asamultiple of current setting i.e. calculate the PS.M.

(iif) From the Time/PS.M. curve of the relay, read off the time of operation for the calculated
PS.M.

(iv) Determinethe 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. = 5A
Pickupcurrent = 5x1.25=625A
Fault current inrelay coil = 4000 x 4—80 =50A
: - _ 50 _
O Plug-setting multiplier (PS.M.) = 525

Corresponding to the plug-setting multiplier of 8 (See Fig. 21.16), the time of operation is 3.5
seconds.

O Actual relay operatingtime = 3.5 x Time-setting = 3-5 x 0-6 = 2-1 seconds
21.10 Functional Relay Types

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, arelay which recognises overcurrent in a circuit (i.e. current greater
than that which can be tolerated) and initiates corrective measureswould be termed asan overcurrent
relay irrespective of the relay design. Similarly an overvoltage relay is one which recognises over-
voltagein acircuit and initiatesthe corrective measures. Although there are several types of special-
function relays, only the following important typeswill be discussed in this chapter :

(i) Inductiontype overcurrent relays
(i) Induction type reverse power relays
(iii) Distancerelays
(iv) Differentia relays

(v) Translay scheme
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21.11 Induction Type Overcurrent Relay (non-directional)

Thistype of relay works on the induction principle and initiates corrective measures when current in
the circuit exceeds the predetermined value. The actuating sourceisacurrent in the circuit supplied
totherelay from acurrent transformer. Theserelaysare used ona.c. circuitsonly and can operatefor
fault current flow in either direction.

Congructional details. Fig. 21.17 shows the important constructional details of a typical non-
directional induction type overcurrent relay. It consistsof ametallic (aluminium) disc whichisfreeto
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 istapped 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 0° and 360°. By adjusting this angle, the travel of the moving contact can be adjusted and
hence the relay can be given any desired time setting.
o< To trip circuit »o

Primary >
winding

Secondary ] r

winding

o¢ From C.T.

Fig. 21 .17
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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 torqueis greater than the driving torque produced by
therelay coil current. Therefore, the aluminium disc remains stationary. However, if the current in
the protected circuit exceedsthe pre-set val ue, 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. Thetrip circuit operates the circuit breaker which isolates
the faulty section.

21.12 Induction Type Directional 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. Thusthistype of relay isessentially awattmeter 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.

Condgructional details. Fig. 21.18 shows the essential parts of atypical induction type direc-
tional power relay. It consistsof an aluminum disc which isfreeto rotate inbetween the poles of two
electromagnets. The upper electromagnet carriesawinding (called potential coil) onthe central limb
which is connected through a potentia 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. inthe
line to be protected. The current coil is provided with a number of tappings connected to the plug-
setting bridge (not shown for clarity). Thispermitsto have any desired current setting. Therestrain-
ing torque is provided by a spiral spring.

Potential
coil
© fea To trip
From P.T. = circuit
o = V
qi* 0
o
= o
T 2 I
q.:’ Current
coil
From C.T.
(@) (if)
Fig. 21.18

The spindle of the disc carries amoving 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. Theflux ¢, dueto current in the potential coil will be nearly 90° lagging behind the
applied voltage V. Theflux @, dueto current coil will be nearly in phase with the operating current |

*  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 ¢, and ¢, with the eddy currents
induced in the disc produces a driving torque given by :

T Op ,@sina [See Art. 21.5]
Since @ 0OV, @0l and a=90-6
0 T OVI1sn(90-6)
0V lcos6

O power in the circuit

It is clear that the direction of driving torque on the disc depends upon the direction of power
flow inthecircuit to which therelay isassociated. When the power in the circuit flowsin 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 remainsinoperative. 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 closesthetrip circuit. This causesthe operation of the circuit breaker which disconnectsthe
faulty section.

21.13 Induction Type Directional Overcurrent 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 alow value
and there may be *insufficient torque developed in therelay to causeits operation. Thisdifficulty is
overcomein the directional overcurrent relay which is designed to be almost independent of system
voltage and power factor.
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Fig. 21.19

*  Directional power relay being of wattmeter type, the driving torque on the disc also depends upon the
system voltage.
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Condgructional details. Fig. 21.19 shows the constructional details of atypical 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. Itisessentially adirectional power relay which operates when power
flows in a specific direction. The potentia coil of this element is connected through a potential
transformer (PT.) to the system voltage. The current coil of the element is energised through aC.T.
by the circuit current. Thiswinding iscarried 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.

(if) Non-directional element. Itisan overcurrent element similar in all respectsto anon-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 therelay. 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 isatendency 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
thecircuit for overcurrent element. The disc of this element rotates and the moving contact attached
toit closesthetrip circuit. Thisoperatesthecircuit breaker whichisolatesthefaulty section. Thetwo
relay elementsare so arranged that final tripping of the current controlled by them isnot madetill the
following conditions are satisfied :

(i) current flowsin adirection such as to operate the directional element.

(i) current in the reverse direction exceeds the pre-set value.

(iif) excessivecurrent persistsfor aperiod corresponding to thetime setting of overcurrent element.

21.14 Distance or Impedance Relays

The operation of therelaysdiscusssed so far depended upon the magnitude of current or power inthe
protected circuit. However, thereis another group of relaysin which the operation isgoverned 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. Therelay will operate when the ratio V/1 isless than a pre-
determined value.

Fig. 21.20illustrates the basic principle of operation of animpedancerelay. Thevoltage element
of therelay isexcited through apotential transformer (P T.) from thelineto be protected. The current
element of the relay is excited from a current transformer (C.T.) in serieswith the line. The portion
AB of thelineisthe protected zone. Under normal operating conditions, the impedance of the pro-
tected zoneis Z,. The relay is so designed that it closes its contacts whenever impedance of the
protected section falls below the pre-determined valuei.e. Z, inthis 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.

**  Impedanceis an electrical measure of distance along atransmission line.
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g Impedance Relay trips if V/Tis
relay less than Z;

Fig. 21.20

Now suppose afault occursat point F, in the protected zone. TheimpedanceZ (= *V/I) between
the point where the relay isinstalled and the point of fault will be lessthan Z, and hence the relay
operates. Should the fault occur beyond the protected zone (say point F,), the impedance Z will be
greater than Z, and the relay does not operate.

Types. A distance or impedance relay is essentially an ohmmeter and operates whenever the
impedance of the protected zonefalls below apre-determined value. There aretwo types of distance
relaysin usefor the protection of power supply, namely ;

(i) Definite-distance relay which operates instantaneously for fault upto a pre-determined dis-
tance from therelay.

(if) 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 therelay.

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.

21.15 Definite - Distance Type Impedance Relay

Fig. 21.21 shows the schematic arrangement of a definite-distance type impedancerelay. It consists
of a pivoted beam F and two electromagnets energised respectively by a current and voltage trans-
former inthe protected circuit. Thearmatures of the two electromagnets are mechanically coupled to
the beam on the opposite sides of the fulcrum. The beam isprovided with abridging piecefor thetrip
contacts. The relay is so designed that the torques produced by the two electromagnets are in the
opposite direction.

o—>» To trip
o—> circuit
Armature):'W:J'\Armature
AN =8
FrompTS—— Y I—o From C.T.
Fig. 21.21

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 afault
occursin the protected zone, the applied voltage to the relay decreaseswhereasthe current increases.
Theratio of voltageto current (i.e. impedance) falls below the pre-determined value. Therefore, the

*  wherel isthefault current and V is the voltage at the sub-station.
**  Because the current | corresponds to normal load :
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pull of the current element will exceed that due to the voltage element and this causes the beam toftilt
in adirection to close the trip contacts.

The pull of the current element is proportional to 12 and that of vol tage element to V2. Conse-
quently, therelay will operate when

k V2 < kyl?
V2 kK
or X< &
12 K
or M < ﬁ
[ K
or Z < ﬁ
K

The value of the constants k, and k, depends upon the ampere-turns of the two electromagnets.
By providing tappings on the coils, the setting value of the relay can be changed.

21.16 Time-Distance Impedance Relay

A time-distance impedance relay is one which automatically adjusts its operating time according to
the distance of therelay from the fault point i.e.
Operatingtime, T O VI
0z
O distance
Condgruction. 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 startsto rotate at a speed depending upon the
operating current. Asthe rotation of the disc proceeds, the spiral spring coupling iswound up till the
tension of the spring is sufficient to pull the armature away from the pole face of the * voltage-excited
magnet. Immediately thisoccurs, the spindle carrying the armature and bridging piece movesrapidly
in response to the tension of the spring and trip contacts are closed. Thisopensthe 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 thetime of operation of therelay isdirectly 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 asV/I i.e. as Z or distance.

*  Theanglethrough which the disc travelsbefore 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 thedisci.e. operating time [ V.
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Fig. 21.22

21.17 Differential Relays

Most of therelaysdiscussed so far relied on excess of current for their operation. Suchrelaysareless
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.

Thusacurrent differential relay isonethat comparesthe 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 afault occurs, this condition no longer applies. The difference between the incoming
and outgoing currentsis arranged to flow through the operating coil of therelay. If this differential
current isequal to or greater than the pickup value, therelay 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 madeto
operate asadifferential relay. In other words, it isnot so much the relay construction as the way the
relay isconnected in acircuit that makesit adifferential relay. Therearetwo fundamental systems of
differential or balanced protection viz.

(i) Current balance protection (ii) Voltage balance protection
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21.18 Current Differential Relay

Fig. 21.23 shows an arrangement of an overcurrent relay connected to operate as adifferential relay.
A pair of identical current transformersarefitted on either end of the section to be protected (alterna-
tor winding in this case). The secondaries of CT’s are connected in seriesin such away that they
carry the induced currentsin the same direction. The operating coil of the overcurrent relay is con-
nected acrossthe CT secondary circuit. Thisdifferential relay comparesthe current at the two ends of
the alternator winding.

Operating coil of
over-current relay

< ®- <

5A 5A
0 AmpT
5A - 5A
< S———S50ss 00" ! i
To load 200 : 1 AETEET 200 : 1
Winding
Fig. 21.23

Under normal operating conditions, suppose the alternator winding carries anormal current of
1000 A. Thenthe currentsin the two secondaries of CT’sareequal [See Fig. 21.23]. These currents
will merely circulate between the two CT’s and no current will flow through the differential relay.
Therefore, therelay remainsinoperative. 1f aground 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 therelay, causing therelay to operate. Theamount of current flow through therelay
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
currentsi.e. 10 — 2.5 =75 A will flow through the relay.

2.5A 10A

¢7.5 A

- -

2.5A ) 10A
= Ground fault

9 St e

Y
[

To load [P — +— .
200:1 Boo A 2000 A 2001
@
5A 10A
J15A
5A I 10A
. mzs—bgmm S L
o —> +«— .
2001 000'A 2000A  200:1
(if)

Fig. 21.24
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(i) If current flows to the fault from both sides as shown in Fig. 21.24 (ii), then sum of CT
secondary currentsi.e. 10 + 5= 15 A will flow through the relay.
Disadvantages
(i) Theimpedance of the* pilot cablesgenerally causes aslight difference between the currents
at the two ends of the section to be protected. If therelay isvery sensitive, then the small
differential current flowing through the relay may cause it to operate even under no fault
conditions.
(i) Pilot cable capacitance causesincorrect operation of the relay when alarge through-current
flows.
(iif) Accurate matching of current transformers cannot be achieved dueto pilot circuit impedance.

The above disadvantages are overcome to a great extent in biased beam relay.

Biased Beam Relay. Thebiased beam relay (also called percentage differential relay) isdesigned
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. Therestraining
coil produces a bias force in the opposite direction to the operating force.

Alternator winding

C.T. C.T.
§ “TH005000IT §
o— To trip
o—> circuit
Restraining :
coil % Operating ¢
coil

Fig. 21.25
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 exceedsthe biasforce. 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.

CT. CT

I, I,
% UL LLLLEN % b
i i

lh—ﬁ
i iy
Fig. 21.26

The equivalent circuit of abiased beam relay isshown in Fig. 21.26. Thedifferential currentin
the operating coil is proportional toi, —i, and the equivalent current in the restraining coil is propor-

*  Thetwo 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 Q.
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tional to* (i, +i,)/2 since the operating coil is connected to the mid-point of therestraining coil. Itis
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.
Thisrelay is called percentage relay because the operating current requried to trip can be expressed
as apercentage of load current.

21.19 Voltage Balance Differential 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
serieswith arelay in such away that under normal conditions, their induced em.f.s' arein opposition.

Alternator
,|| Il winding |3 .
0 0 To Load
«— «—
e, e,
VOO

Relay operating
coil

Fig. 21.27
Under healthy conditions, equal currents (I, =1,) 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 afault occurs in the protected zone, the currents in the two
primaries will differ from one another (i.e. I, # 1) and their secondary voltages will no longer bein
balance. Thisvoltage tdifferencewill cause acurrent to flow through the operating coil of therelay
which closesthetrip 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.

(if) Thesystem issuitablefor 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 aperfect balance of current transformers is attained.

The above disadvantages have been overcomein Translay (modified) balanced voltage system.

21.20 Translay System

This system is the modified form of voltage-balance system. Although the principle of balanced
(opposed) voltagesisretained, it differsfrom the above voltage-balance system in that the bal ance or
opposition is between voltages induced in the secondary coils wound on the relay magnets and not
between the secondary voltages of theline current transformers. Sincethe current transformers used

*  Total ampere-turns on restraining coil of N turns
. N .. N
O > +iy >
... N
O (i +iy) =
(ip +i2) %
Thisisthe same asif current (i, + i,)/2 were to flow through the whole restraining coil.

T Thisisthe case when fault isfed 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 arelay coil, they can be made of normal design without
any air gaps. This permits the scheme to be used for feeders of any voltage.

Condgructional 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, 118) of theserelays are supplied through
apair of current transformers. The secondary windings (12, 13 and 12a, 13a) of the two relays are
connected in seriesby pilot wiresin such away that voltagesinduced in the former opposesthe 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 isthe same
and the primary windings (11, 11a) of the relays carry the same current. The windings 11 and 11a
induce equal em.f.sin the secondary windings 12, 12a and 13, 13a. Asthese windings are so con-
nected that their induced voltages arein opposition, no current will flow through the pilots or operat-
ing coilsand 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 thetorque to be exerted on the disc of each relay. Asthe
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.

C.T. C.T.
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Fig. 21.28

It is worthwhile here to mention the role of closed copper rings (18, 18a) in neutralising the
effectsof pilot capacitive currents. Capacitive currentslead the voltage impressed across the pilots by
90° 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 90°. Since pilot voltage is that induced in the
secondary windings 12 and 124, it lags by asubstantial angle behind the fluxesin the field magnet air
gapsA and B. The closed copper rings (18, 18a) are so adjusted that this angleis approximately 90°.
In thisway fluxes acting on the disc are in phase and hence no torque is exerted on the relay disc.

*  Therelays used embrace the function of transformer aswell asrelay. Hence the name Translay.
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21.21 Types of Protection

When a fault occurson 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. Itisausual practice to divide the protection
schemeinto two classes viz. primary protection and back-up protection.

(i) Primary Protection. It isthe 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 protectsthe line. If afault occurson any line, it will be cleared by itsrelay and
circuit breaker. This forms the primary or main protection and serves as the first line of
defence. The servicerecord of primary relaying isvery high with well over ninety percent
of all operationsbeing correct. However, sometimesfaultsare 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.

Main bus

IEB] Over-current relay
1.0 second time setting

o

[cB] [cB] [ca] [c]

Over-current
relays 0.6 second (T E'O E'O E'Q
time setting

v v v v

Line bus

Fig. 21.29

(if) Back-up protection. Itisthe second line of defencein case of failure of the primary protec-
tion. It isdesigned to operate with sufficient time delay so that primary relaying will be
given enough timeto functionif itisableto. Thusreferringto Fig. 21.29, relay A provides
back-up protection for each of the four lines. If aline fault is not cleared by its relay and
breaker, therelay A onthe group breaker will operate after adefinitetime 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 - TEST

1. Fill in the blanks by inserting appropriate words/figures.
(i) A relay performsthe function of ..................
(if) Therelay operating coil is supplied through .....................
(i) A1VArdayis....... sengitive than a3 VA relay.
(iv)  The minimum relay coil current at which the relay operatesiscaled...............
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(V) Inductionrelays.............. 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) Thepick-upvalueof arelay is7-5A and fault current inrelay coil is30A. Itsplug-setting mutiplier

(viii) Back-up protection functions when ................. .
2. Pick up the correct wordsfigures from brackets and fill in the blanks.

(i) Most of the relays on service on electric power system are ............cc.e.... relays.
(electronic, electro-mechanical)
(if) 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 isgenerally of ........... type. (until, non-unit)

ANSWERS 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 TOPICS

What is protective relay ? Explain its function in an electrical system.
Discuss the fundamental requirements of protective relaying.
Describe briefly some important types of electromagnetic attraction relays.
Derive the equation for torque developed in an induction relay.
Write a brief note on relay timing.
Define and explain the following terms as applied to protective relaying :

(i) Pick-upvalue (i) Current setting (iii) Plug-setting multiplier (iv) Time-setting multiplier
Sketch atypical time/PS.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-directiona induction type overcurrent relay
(if) 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 adetailed note on differential relays.
13. Describe the Translay scheme of protection.
14. Write short notes on the following :
(i) Percentagedifferential relays (if) Definitedistancerelays  (iii) Time-distancerelays

DISCUSSION QUESTIONS

What is the difference between afuse and arelay ?

What is the difference between an overcurrent relay and current differential relay ?
Back-up protection is not a good substitute for better maintenance. Discuss.

Why are differential relays more sensitive than overcurrent relays ?

What is the difference between a balanced voltage relay and a Translay relay ?
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Protection of Alternators and
Transformers

Introduction
T he modern el ectric power system consists

22.1 Protection of Alternators

22.2 Differential Protection of Alternators of several elements e.g. alternators,

223 Modified Differential Protection for transformers,  station  bus-bars,

Alternators transmission lines and other equipment. It is
desirable and necessary to protect each element
22.4 Balanced Earth-Fault Protection fromavariety of fault conditionswhich may occur

sooner or later. The protective relays discussed
in the previous chapter can be profitably
22.6 Protection of Transformers employed to detect theimproper behaviour of any

) circuit element and initiate corrective measures.
22.7 Protection Systemsfor Transformers  aq 5 matter of convenience, this chapter deals

22.5 Stator Inter-turn Protection

22.8 Buchholz Relay with the protection of alternatorsand transformers
only.

229 Earth-Fault or L eakage Protection The most serious faults on alternatorswhich

2210 Combined L eakage and Overload requireimmediate attention are the stator winding

Protection faults. The major faults on transformers occur

due to short-circuits in the transformers or their

22.11 Applying Circulating-Current System  connections. The basic system used for protection

to Transformers against thesefaultsisthe differential relay scheme

because the differential nature of measurements

makesthis system much more sensitive than other
protective systems.

22.12 Circulating-Current Schemefor
Transformer Protection

521
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22.1 Protection of Alternators

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

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

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

(i)

(iii)

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

stator winding faults

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

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

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

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

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

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

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

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

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

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

*  Duringinverted running (or motoring), thereisareversal of power flow inthe stator windings. This causes
the operation of reverse power relay.

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

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

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

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

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

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

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

their algebraic sum is zero. cT

Therefore, the sum of the cur- B 'J’G]_‘
. . e - - _ o ___

rents flowing in the secondar- Alternator

iesis also zero and no current

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

22.2 Differential Protection of Alternators

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

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

Alternator
CT1 r-——"=">"==- ': CTg
5D | o
R
V[ : 0 m? 98 : I
| 1
o~ I : o~ Y
AESHE A | I
| 1
: | <=~ ! ™
mg i i = °
Earthing ) oo !
ist
resistance Pilots (P)
R, R, R,
I I I
i v
! Neutral

Fig. 22.2

To trip circuit

vy

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

Operation. Referring to Fig. 22.2, it is clear that the relays are connected in shunt across each
circulating path. Therefore, the circuit of Fig. 22.2 can be s cT
shown inasimpler formin Fig. 22.3. Under normal oper- _ro’z5\1 ° r55\2_ R
ating conditions, the current at both ends of each winding [
will be equal and hence the currents in the secondaries of [ T =Y
two CTsconnected in any phasewill also beequal. There- oo o 0 — B
fore, thereisbalanced circulating current in the pilot wires é
R1

e

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

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

atesthe relay to trip the circuit breaker.

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

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

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

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

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

*  Although disconnection of faulty alternator prevents other 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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Fig. 22.4

may beinsufficient voltage across the short-circuited portion to drive the necessary current round the
fault circuit to operate the relay. The magnitude of unprotected zone depends upon the value of
earthing resistance and relay setting.

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

22.3 Modified Differential Protection for Alternators

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

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

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

22.4 Balanced Earth-fault Protection

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

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

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

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

22.5 Stator Inter-turn Protection

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

current that this type of fault R Y B

produces flows in alocal circuit

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

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

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

[0\

(3%

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

S2

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

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

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

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

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

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

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

4.715
2171 Q

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

Solution. Let x % of the winding be unprotected.

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

1000

= "5 x 005 =100 A

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

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

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

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

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

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

Current Alternator Current
transformers transformers

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

e T AV I

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

Fig. 22.10
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SELF - TEST

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

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

(generators, transformers)

ANSWERS TO SELF-TEST

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

CHAPTER REVIEW TOPICS

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

DISCUSSION QUESTIONS

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

How does grounding affect relay application ?

Why is overload protection not necessary for alternators ?

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

5. How many faults develop in a power transformer ?
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SELF - TEST

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

(i) Differential protection scheme for longer linesis............. costly.

(if) The bus-bar zone, for the purpose of protection, includes ............. ) s and .............

(iii) The two most commonly used schemes for bus-bar protection are.............. yand e

(iv) The probability of faults occurring on the linesis much more due to their ............. and .............
(v) Intime-graded overcurrent protection, ............. discrimination is incorporated.

. Pick-up the correct wordg/figures from the brackets and fill in the blanks :

(i) Theparalel feeders............. be protected by non-directional overcurrent relays alone. (can, cannot)

(if) The Translay schemeisessentidly a............. balance system. (current, voltage)

(iii) A summation transformer is adevice that reproduces the polyphase line currentsasa............. phase

quantity. (single, two)

(iv) Theideal scheme of protection for linesis............. protection. (differential, distance)
(v) Accurate matching of current transformersis............. in Merz-Price voltage balance system.

(essential, not essential)

. (i) very (ii) bus-bars, isolating switches, circuit breakers (iii) differential protection, fault bus protec-

. (i) cannot (ii) voltage (iii) single (iv) differential (v) essential

ANSWERS TO SELF-TEST

tion (iv) greater length, exposure to atmospheric conditions (v) time

w

© NG

CHAPTER REVIEW TOPICS

. What is the importance of bus-bar protection ?
. Describe the following systems of bus-bar protection :

(i) Differential protection
(if) Fault-bus protection

. What are the requirements of protection of lines?
. Discuss the time-graded overcurrent protection for

(i) Radial feeders

(if) Parallel feeders
(i) Ring main system

Describe the differential pilot wire method of protection of feeders.
Explain the Translay protection scheme for feeders.

Describe distance protection scheme for the protection of feeders.
Write short-notes on the following :

(i) Fault-bus protection

(ify Merz-Price voltage balance system for protection of feeders
(iii) Translay scheme

2

DISCUSSION QUESTIONS

What methods can be used to prevent saturation of current transformers ?

What factors govern choosing pilot-wire installation ?

Why must directional relays be used on aring main system ?

How do time-delay overcurrent relays work on aradial system ?

Do overhead systems need differential protection schemes than underground systems ?
How are pilot-wire relays built for transmission-line protection ?
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24

Protection Againg Overvoltages

Introduction

There are severa instances when the ele
ments of apower system (e.g. generators,
transformers, transmissionlines, insulators
etc.) are subjected to overvoltagesi.e. voltages
24.2 Causes of Overvoltages 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
24.4 Lightning circuit breaker, the grounding of aconductor etc.

) ) ) ) Most of the overvoltages are not of large magni-
24.5 Mechanism of Lightning Discharge tude but may still be important because of their
effect on the performance of circuit interrupting
equipment and protective devices. An appre-
24.7 Harmful Effects of Lightning ciable number of these overvoltages are of suffi-
cient magnitude to cause insulation breakdown
of the equipment in the power system. There-

24.1 Voltage Surge

24.3 Internal Causes of Overvoltages

24.6 Types of Lightning Strokes

24.8 Protection Againgt Lightning

24.9 The Earthing Screen fore, power system engineersaways deviceways
] and meansto limit the magnitude of the overvolt-

24.10 Overhead Ground Wires ages produced and to control their effects on the
2411 Lightning Arresters operating equipment. In thischapter, weshall con-
fine our attention to the various causes of over-

24.12 Types of Lightning Arresters voltages on the power system with special em-
phasison the protective devices used for the pur-

24.13 Surge Absorber
pose.

24.1 Voltage Surge

A sudden rise in voltage for a very short dura-

5562
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tion on the power system is known as a voltage surge or transent voltage.

Transients or surges are of temporary nature and exist for a very short duration (afew hundred
Ws) 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 anarrow valley when the retaining wall of areservoir at its head suddenly givesway. 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, generatorsor other equipment connected to
thelineif the equipment is not suitably protected.

E A
Em
E, WAVE TAIL
2 \<
|~ WAVE FRONT
0 |4_ t1 — "
e t »
——» TIME (ps)
Fig. 24.1

Fig. 24.1 showsthe wave-form of atypical lightning surge. The voltage build-up istaken along
y-axisand thetime along x-axis. 1t 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 ps. Voltage surges are
generally specified in terms of *rise time t; and the time t, to decay to half of the peak value. For
example, a1/50 ps surgeisonewhich reachesits maximum valuein 1usand decaysto half of its peak
valueis50 ps.

24.2 Causes of Overvoltages

The overvoltages on a power system may be broadly divided into two main categories viz.

1. Internal causes

(i) Switching surges (i) Insulation failure

(iii) Arcing ground (iv) Resonance

2. External causssi.e. lightning

Internal causes do not produce surges of large magnitude. Experience shows that surges due to
internal causes hardly increasethe system voltageto twicethenormal value. Generally, surgesdueto
internal causesaretaken care of by providing proper insulation to the equipment in the power system.
However, surgesdueto lightning are very severe and may increase the system voltageto 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.

*  |tisthetime from the beginning of the surge to the peak value.
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24.3 Internal 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 anormal switching operation
such as opening of a circuit breaker, or it may be the fault condition such as grounding of aline
conductor. In practice, the normal system insulation is suitably designed to withstand such surges.
We shall briefly discusstheinternal causes of overvoltages.

1. Switching Surges. The overvoltages produced on the power system due to switching
operations are known as switching surges. A few caseswill be discussed by way of illustration :

(i) Caseof anopenline. 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.

,/1 i
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Fig. 24.2

When the unloaded lineis connected to the voltage source, avoltage waveisset up which travels
aongtheline. Onreachingtheterminal point A, itisreflected 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
E. .. isthe supply voltage, then instantaneous voltage which the line will have to withstand will be

2.2 E. Thisovervoltageisof temporary nature. It isbecause the linelosses attenuate the wave and
inavery short time, theline settlesdown 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.

(if) Caseof aloaded line. Overvoltages will aso be produced during the switching operations
of aloaded line. Suppose aloaded line is suddenly interrupted. Thiswill set up avoltageof 27, i
across the break (i.e. switch) wherei is the instantaneous value of current at the time of opening of
lineand *Z isthe natural impedance of theline. For example, suppose theline having Z,, = 1000 Q
carriesacurrent of 100 A (r.m.s.) and the break occurs at the moment when current ismaximum. The

voltage acrossthe breaker (i.e. switch) =2 +/2 x 100 x 1000/1000 = 282-8kV. If V, isthepeak value
of voltage in kV, the maximum voltage to which the line may be subjected is= (V , + 282-8) kV.

(iif) 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. Unlikeoil circuit breakers, which areindependent for the effectiveness on the magnitude of the

* |t can be shown that natural impedance of the lineisgiven by :

z, = JLIC

where L and C are the constants of theline. Theterm ‘natural’ is used because thisimpedance has nothing
to do with any load, but depends only upon line constants.
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current being interrupted, air-blast circuit breakersretain 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 causesthe current to fall abruptly to
zerowell beforethe natural current zero isreached. Thisphenomenoniscalled 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
inthe system. Thisisillustrated in Fig. 24.3.
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Fig. 24.3

Suppose aline 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/Z, and +E/Z, respectively. Both
these currents pass through X to earth so that current to earth is2 E/Z,..

3. Arcingground. Inthe 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 linesand 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
timesthe normal voltage.

The phenomenon of intermittent arc taking place in line-to-ground fault of a 3¢ 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. Resonancein an electrical system occurs when inductive reactance of the cir-
cuit becomes equal to capacitive reactance. Under resonance, theimpedance of thecircuit isequal to
resistance of thecircuit and the p.f. isunity. Resonance causes high voltagesin the electrical system.
In the usua 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.

24.4 Lightning

An electric discharge between cloud and earth, between clouds or between the charge centres of the
same cloud is known as lightning.

Lightning isahuge 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) isdestroyed. 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 theair and thetiny particles of water causesthe 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
apositive or anegative charge, depending upon the charge of drops of water they contain. The charge
on acloud 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 mation of air which we recognise as thunder.

24.5 Mechanism of Lightning Discharge

L et us now discuss the manner in which alightning discharge occurs. When acharged cloud passes
over the earth, it induces equal and opposite charge on the earth below. Fig. 24.4 shows anegatively
charged cloud inducing a positive charge on the earth below it. Asthe charge acquired by the cloud
increases, the potential between cloud and earth increasesand, therefore, gradient in theair 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 mechanismis as under :

(i) Assoon asthe air near the cloud breaks down, a streamer called leader streamer or pilot
streamer startsfrom the cloud towards the earth and carries charge with it asshown in Fig.
24.4 (i). Theleader streamer will continue its journey towards earth aslong 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) showsthe 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 islow (<100 A) and its
velocity of propagation is about 0-05% that of velocity of light. Moreover, the luminosity
of leader isalso very low.

Cloud Cloud Cloud

+++++ + ++++ ++ ++

(@) (i0)
Fig. 24.4
(if) Inmany cases, the leader streamer continuesitsjourney towards earth [See Fig. 24.4 (ii)]
until it makes contact with earth or some object on the earth. Astheleader streamer moves
towards earth, it is accompanied by points of luminescence which travel in jumps giving
* It has been found that in aregion occupied by droplets of the size expected in the clouds, the breakdown

voltageis 5 kV/cm to 10 kV/cm compared to 30 kV/cm in air without droplets. One reason for thisis 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 distancetravelled in one step isabout 50 m. It may be noted that stepped leaders have
sufficient luminosity and giveriseto first visual phenomenon of discharge.

(iif) The path of leader streamer is a path of ionisation and, therefore, of complete breakdown
of insulation. Asthe leader streamer reaches near the earth, a return streamer shoots up
fromtheearth [See Fig. 24.4 (iii)] to the cloud, following the same path asthe 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 dischargewhich usually appearstotheeyeasasingleflashisinreality made up
of anumber of separate strokesthat travel down the same path. Theinterval 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 hasbeen estimated that throughout the world, there occur about 100 lightning strokes per
second.

(d) Lightning discharge may have currentsin the range of 10 kA to 90 kA.

24.6 Types of Lightning Strokes

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. Directgroke. Inthedirect stroke, thelightning discharge (i.e. current path) isdirectly from
the cloud to the subject equipment e.g. an overhead line. From theline, 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.

v v
v v
v v
Support Support
0] (ii)
Fig. 24.5

(i) InstrokeA, thelightning dischargeisfrom the cloud to the subject equipment i.e. an over-
head linein this case as shown in Fig. 24.5 (i). The cloud will induce a charge of opposite
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sign onthetall object (e.g. an overhead linein 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.

(i) 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. Theresult isthat
charge on cloud R suddenly becomes free and it then discharges rapidly to earth, ignoring
tall objects.

Two pointsare 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 isnot 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. Thisis 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 wireisisolated asit cannot flow quickly to earth over the
insulators. The result is that negative charge rushes aong the line is both directions in the form of
travelling waves. It may be worthwhile to mention here that mgjority of the surgesin atransmission
line are caused by indirect lightning strokes.

++
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+ +
Fig. 24.6

24.7 Harmful Effects of Lightning

A direct or indirect lightning stroke on atransmission line produces a steep-fronted voltage wave on
theline. The voltage of thiswave may rise from zero to peak value (perhaps 2000 kV) in about 1 ps
and decay to half the peak valuein about 5us. Such a steep-fronted voltage wave will initiate travel -
ling waves along thelinein both directions with the vel ocity dependent upon the L and C parameters
of theline.

(i) Thetravelling waves produced due to lightning surges will shatter the insulators and may
even wreck poles.

(i) If thetravelling waves produced due to lightning hit the windings of atransformer 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). Thisinduces such an excessive pressure between
thewindings that insulation may breakdown, resulting in the production of arc. Whilethe
normal voltage between the turnsis never enough to start an arc, once the insulation has



564 Principles of Power System

Under normal conditions, the point B isat earth potential and the normal supply voltageisunable
to break down the series gaps. On the occurrence of an overvoltage, the breakdown of series gaps A
to B occurs. Theheavy 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 surgeis
over, thearcsB to C go out and any power current following the surgeislimited by the two resistances
(shunt resistance and series resistance) which are now in series. The current istoo small to maintain
thearcsinthegapsA to B and normal conditionsarerestored. Such arresters can be employed where
system voltage does not exceed 33 kV.

4. Expulson typearreser. Thistype of arrester is also called ‘protector tube’ and is com-
monly used on system operating at voltages upto 33 kV. Fig. 24.12 (i) showsthe essentia partsof an
expulsion typelightning arrester. It essentially consistsof arod gap A A’ in serieswith asecond 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 aneutral gas*. Inan 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 carriesaway ionised air around the arc. Thisde-ionising effect isgenerally so strong that
arc goes out at a current zero and will not be re-established.
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Fig. 24.12
Advantages

(i) They are not very expensive.
(it) They are improved form of rod gap arresters as they block the flow of power frequency
follow currents.
(iif) They can beeasily installed.

*  Thegasevolved 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 isused up.

(if) Thistype of arrester cannot be mounted in an enclosed equipment due to the discharge of

gases during operation.
(iif) Dueto the poor volt/amp characteristic of the arrester, it isnot suitable for the protection of
expensive equipment.

5. Valvetypearreser. 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 avalve
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 humber of identical spark gaps in
series. Each gap consistsof two electrodeswith afixed gap spacing. The voltage distribu-
tion acrossthe gapsislinearised by meansof additional resistance elements(called grading
resistors) across the gaps. The spacing of the series gapsis such that it will withstand the
normal circuit voltage. However, an overvoltage will cause the gap to breakdown, causing
the surge current to ground viathe non-linear resistors.

(if) Thenon-linear resistor discsare made of an inorganic compound such as Thyriteor 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 alow 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.
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Fig. 24.13
Working. Under normal conditions, the normal system voltageisinsufficient 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 currentisvery large, thenon-linear elementswill offer avery low resistanceto the
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passage of surge. Theresult isthat the surge will rapidly go to earth instead of being sent back over
theline. When the surgeis over, the non-linear resistors assume high resistance to stop the flow of
current.
Advantages
(i) They provide very effective protection (especialy for transformers and cables) against
surges.
(if) They operate very rapidly taking less than a second.
(iff) The*impulseratio ispractically unity.
Limitations
(i) They **may fail to check the surges of very steep wave front from reaching the terminal
apparatus. Thiscallsfor additional stepsto check steep-fronted waves.
(if) Their performance is adversely affected by the entry of moisture into the enclosure. This
necessitates effective sealing of the enclosure at al times.

Applications. Accordingtotheir application, thevavetypearrestersareclassified 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. Thelinetypearrestersare
also used for stations handling voltages upto 66 kV.

24.13 Surge Absorber

The travelling waves set up on the transmission lines
by the surges may reach the terminals apparatus and
causedamagetoit. Theamount 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 whichitisdoneis
differentinthetwo devices. Thesurgediverter diverts = |
the surge to earth but the surge absorber absorbs the | T e ,, a.f,rf;‘i..’ I-“"

. . 4 e by =
surge energy. A few cases of surge absorption aredis-  Fe SRR
cussed below - Lightning arresters on bus structures

(i) A condenser connected between the line and earth can act as a surge absorber. Fig. 24.14
shows how acapacitor acts as surge absorber to protect the transformer winding. Sincethe
reactance of a condenser isinversely proportional to frequency, it will be low at high fre-
quency and high at low frequency. Sincethe surgesare of high frequency, the *** capacitor

Breskdown voltage under surge conditions
Breakdown voltage under low frequency conditions
**  Thenormal 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 atravelling wave or in ahigh
frequency discharge. It merely reflects the wave energy away from the equipment to be protected and the
energy isdissipated in the line resistance and earth resistance.

* Impulseratio =




Protection Against Overvoltages 567

actsasashort circuit and passesthem directly to earth. However, for power frequency, the
reactance of the capacitor isvery high and practically no current flowsto the ground.

R

AA\Y
Line Line
I Transformer — ¢ B000 00 Transformer
L
Cl
Fig. 24.14 Fig. 24.15

(if) Another type of surge absorber consists of aparallel combination of choke and resistance
connected in serieswith thelineasshownin Fig. 24.15. The choke offershigh reactanceto
surgefrequencies (X, =2 f L). Thesurgesare, therefore, forced
to flow through the resistance R where they are dissipated. _Metal sheet

(iii) Fig. 24.16 shows the another type of surge absorber. It is called —— 80000 ———
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. Thisar-
rangement is equivalent to a transformer with short-circuited sec-
ondary. Theinductor formsthe primary whereasthe dissipator forms
the short-circuited secondary. The energy of the surgeisused up in theform of heat gener-

ated in the dissipator due to transformer action. Thistype of surge absorber ismainly used
for the protection of transformers.

Fig. 24.16

Metal sheet

Line m Line Apparatus
J_ ——
_TT73 T

() (i)
Fig. 24.17
Fig. 24.17 (i) showsthe schematic diagram of 66 kV Ferranti surge absorber whileFig. 24.17 (ii)
showsits equivalent circuit.

SELF - TEST

1. Fill in the blanks by inserting appropriate words/figures :
(i) Themost severe surges on the line are produced by ...............
(if) Lightning producesa............... fronted wave.
(i) Transients on the power system due to current chopping are taken care of by ...............
(iv) Arcing ground can be prevented by ...............
(v) Thelightning currents range from 10 kA to abot ............... 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 :

0]
(i)
(iii)
(iv)
v)
(vi)

(vii)

A 150 pPS surgeis ... harmful than 3/50 s surge. Assume the same peak value.
(more, less)
The .o lightning strokes are very rare on the power system. (direct, indirect)
Most of the lightning strokes are dueto ............... charged clouds. (negatively, positively)
The stroke A will always occur on............... (tallest object, earth)
............... cannot protect the equipment from the travelling waves reaching the equipment.
(ground wires, lightning arrester)
In sub-stations, the most commonly used type of arrester is................ arrester.
(Thyrite, horn gap, rod gap)
Surge absorbersareused to ............... the steepness of wave front of the surge. (reduce, increase)

(i) lightning (ii) steep (iii) resistance switching (iv) earthing the neutral (v) 90 (vi) low (vii) close
(i) more (ii) direct (iii) negatively (iv) tallest object (v) ground wires (vi) thyrite (vii) reduce

ANSWERS TO SELF-TEST

©NOOAWDN PR

10.

CHAPTER REVIEW TOPICS

What isavoltage surge ? Draw atypical lightning voltage surge.

Discuss the causes of overvoltages.

What is lightning ? Describe the mechanism of lightning discharge.

Describe the various types of lightning stroke.

What are the harmful effects of lightning ?

How do earthing screen and ground wires provide protection against direct lightning strokes ?
What isasurge diverter ? What is the basic principle of operation of a surge diverter ?

Write short notes on the following surge diverters :

0]
(i)
(iii)
(iv)

Rod gap diverter

Horn gap diverter
Expulsion type diverter
Multigap diverter

Discuss the construction, principle and working of avalve type arrester.
What is a surge absorber ? Write a short note on Ferranti surge absorber.

o wbdE

Why are steep fronted surges more dangerous to power system equipment ?
Why is lightning accompanied by athunder ?

Is the name lightning arrester appropriate ?

Why are surge diverters located very close to the equipment to be protected ?
Where will you use a surge absorber ?

DISCUSSION QUESTIONS

Q To FIRST
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Introduction

T he present-day electrical power systemis
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 stationswhich arelocated
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.
tod.c., frequency, p.f. etc.) of eectric supply. This
isaccomplished 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|ocalities, the voltage may haveto be
stepped down to utilisationlevel. Thisjobisagain
accomplished by asuitable apparatus called sub-
station. Yet at some placesin theline of the power
system, it may be desirable to convert large
guantities of a.c. power to d.c. power e.g. for
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traction, electroplating, *d.c. motors etc. Thisjob 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-stationswhere theincoming and outgoing suppliesareacc. i.e.
sub-stations which change the voltage level of the electric supply.

25.1 Sub-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 dependsto aconsid-
erable extent upon the successful operation of sub-stations. It is, therefore, essential to exercise
utmost care while designing and building asub-station. Thefollowing aretheimportant pointswhich
must be kept in view while laying out asub-station :

(i) It should belocated at aproper site. Asfar aspossible, it should be located at the centre of
gravity of load.

(i) It should provide safe and reliable arrangement. For safety, consideration must be given to
the maintenance of regulation clearances, facilitiesfor 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) 1t should be easily operated and maintained.

(iv) It should involve minimum capital cost.

25.2 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-gations. 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 thistype.

(if) Switching sub-stations. These sub-stations do not change the voltage level i.e. incoming
and outgoing lines have the samevoltage. However, they simply perform the switching operations of
power lines.

(iif) 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-stationsare generally located
at thereceiving end of transmission lines. These sub-stations generally use synchronous condensers
as the power factor improvement equipment.

(iv) Freguency changer sub-stations. Those sub-stations which change the supply frequency
are known as frequency changer sub-stations. Such afrequency change may be required for indus-
trial utilisation.

(v) Converting sub-gtations. 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
wherefine speed control isrequired or where these wereinstalled before the devel opment of a.c. machinery.
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with suitable apparatus (e.g. ignitron) to supply for such purposes astraction, electroplating, electric
welding etc.

(vi) Indugrial sub-gtations. Those sub-stations which supply power to individual industrial
concerns are known asindustrial sub-stations.

2. According to congructional 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 (if) Outdoor sub-station

(iif) - Underground sub-station (iv) Pole-mounted sub-station

(i) Indoor sub-stations. For voltages upto 11 kV, the equipment of the sub-station isinstalled
indoor because of economic considerations. However, when the atmosphere is contaminated with
impurities, these sub-stations can be erected for voltages upto 66 kV.

(if) Outdoor sub-gtations. For voltages beyond 66 kV, equipment is invariably installed out-
door. Itisbecause for such voltages, the clearances between conductors and the space required for
switches, circuit breakersand other equipment becomes so great that it is not economical toinstall the
equipment indoor.

(iff)  Underground sub-gtations. In thickly populated areas, the space available for equipment
and building islimited and the cost of land ishigh. Under such situations, the sub-station is created
underground. The reader may find further discussion on underground sub-stationsin Art. 25.6.

(iv) Pole-mounted sub-gtations. Thisis an outdoor sub-station with equipment installed over-
head on H-pole or 4-pole structure. 1t isthe cheapest form of sub-station for voltages not exceeding
11kV (or 33 kV in some cases). Electric power isamost distributed in localities through such sub-
stations. For compl ete discussion on pole-mounted sub-station, the reader may refer to Art. 25.5.

25.3 Comparison between Outdoor and Indoor Sub-Stations
The comparison between outdoor and indoor sub-stationsis given below in the tabular form :

S.No. Particular Outdoor Sub-station Indoor Sub-station

1 Space required More Less

2 Timerequired for erection Less More

3 Future extension Easy Difficult

4 Fault location Easier beacuse the Difficult because the
equipment isin full view equipment is enclosed

5 Capital cost Low High

6 Operation Difficult Easier

7 Possibility of fault escalation L ess because greater More
clearances can be provided

From the above comparison, it isclear that each type hasits own advantages and disadvantages.
However, comparative economics (i.e. annual cost of operation) isthe most powerful factor influenc-
ing the choice between indoor and outdoor sub-stations. The greater cost of indoor sub-station pro-
hibitsitsuse. But sometimes non-economic factors (e.g. public safety) exert considerable influence
in choosing indoor sub-station. Ingeneral, most of the sub-stationsare of outdoor type and theindoor
sub-stations are erected only where outdoor construction isimpracticable or prohibited by the local
laws.

25.4 Transformer Sub-Stations

Themajority of the sub-stationsin 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 (if)  Primary grid sub-station
(iif) Secondary sub-station (iv) Distribution sub-station
Fig. 25.1 showsthe block diagram of atypical 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 thefigure. For example, in acertain 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.

High Voltage
(11 kV) consumers

Secondgry > Distribut_ion )
/ sub-station sub-station
/
)/ 66/11kV\ 11/0.4kV
\\
\
\
Stepbup |, Primary grid Interconnection Distribution L,
sts:tién sub-station sub-station
GS g
a1 11/220 KV \220/66 KV // 11/0.4kV
) /
\
A Secondary ,__| Distribution |
sub-station sub-station
66/11kV 11/0.4kV
High Voltage

(11 kV) consumers

Fig. 25.1

(i) Step-up sub-gation. 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 thisjob are called step-up sub-stations. These are generally located in the power houses
and are of outdoor type.

(if) 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 reducesthe voltage level to 66 kV for secondary trans-
mission. The primary grid sub-station is generally of outdoor type.

(iif) Secondary sub-gtation. 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 pointsin
the city. At asecondary 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-
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stations. The secondary sub-stations are also generally of outdoor type.

(iv) Distribution sub-station. The electric power from 11 kV linesis delivered to distribution
sub-stations. These sub-stations are located near the consumers|ocalities and step down the voltage
to 400 V, 3-phase, 4-wire for supplying to the consumers. The voltage between any two phasesis
400V and between any phase and neutral it is230 V. The single phase residential lighting load is
connected between any one phase and neutral whereas 3-phase, 400V motor |oad is connected across
3-phase lines directly. It may be worthwhile to mention here that mgjority of the distribution sub-
stations are of pole-mounted type.

25.5 Pole-Mounted Sub-Station

It isadistribution sub-station placed overhead on apole. It isthe cheapest form of sub-station asit
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 linesis 400V whereas the voltage between any line
and neutral is230V. Theoail 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

Lightning Arresters
v

11 kV O.H. Line
= < 1 i *
E(> . - i Fuse
0 X 1 Fuse Lightning
Isolator~ arrester Isolating
switch
AOO\J 400 v
7 ¥
Y
- 5 Transformer
N N
O.C.B.
L.T.
0O.C.B.
2R
Operating 400V 400V
handle
for isolators

NN
0] (i)
Fig. 25.2
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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.CB.
(i) Incaseof repair of transformer or O.C.B., both gang isolator and O.C.B. should be shut off.

25.6 Underground Sub-Station

Inthickly populated cities, thereis scarcity of land aswell asthe pricesof land arevery high. Thishas
led to the development of underground sub-station. In such sub-stations, the equipment is placed
underground. Fig. 25.3 shows atypical underground sub-station.

Entrance—+»
Ground level
v, ]
X >
vii
52
Switchgear Transformer
.v .
R
SogsIIIN WSSy .

Fig. 25.3
The design of underground sub-station requires more careful consideration than other types of
sub-stations. Whilelaying out an underground sub-station, thefollowing points must be kept in view:
(i) Thesize of the station should be as minimum as possible.
(if) There should be reasonable access for both equipment and personnel.
(iif) There should be provision for emergency lighting and protection against fire.
(iv) There should be good ventilation.
(v) Thereshould be provision for remoteindication of excessiveriseintemperature 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.

25.7 Symbols for EqQuipment in Sub-Stations

It isausua practice to show the various elements (e.g. transformer, circuit breaker, isolator, instru-
ment transformers etc.) of a sub-station by their graphic symbolsin 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.



Sub-Stations

575

S.No. Circuit element Symbol
1 Bus-bar
2 Single-break isolating switch e
3 Double-break isolating switch — o o
4 On load isolating switch - o
I
I I
5 Isolating switch with earth Blade _1{
6 Current transformer
7 Potential transformer %
8 Capacitive voltage transformer
9 Qil circuit breaker
10 Air circuit breaker with overcurrent tripping device )
11 Air blast circuit breaker 4@7
12 Lightning arrester (active gap) I
13 Lightning arrester (valvetype) %
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(i) Terminal sub-station (if) Through sub-station

(i) Terminal sub-gtation. A terminal sub-station isonein which the line supplying to the sub-
station terminates or ends. It may belocated at the end of themain line or it may be situated at a point
away from main line route. In the latter case, atapping is taken from the main line to supply to the
sub-station. Fig. 25.8 shows the schematic connections of aterminal sub-station. It is clear that
incoming 11 kV main line terminates at the sub-station. Most of the distribution sub-stations are of
thistype.

11 kV
Incoming

11 kV/400V
Power
Transformer

I

Capacitive
Voltage Transformer Fig. 25.8

(if) Through sub-station. A through sub-station is one in which the incoming line passes
‘through’ at the samevoltage. A tapping isgenerally taken fromthelineto feed to thetransformer to
reduce the voltage to the desired level. Fig. 25.9 shows the schematic connections of athrough sub-
station. Theincoming 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.

| Bus
1 Isolator
1
66kV ! Outgoing
Incoming | Line 66 kV
Line : 0.C.B.

= C.T. =

66/11 kV
Power

I
I
I
1
I
I
I
1
I
1
1
1
1
1
1
|
I
: Transformer
|

I

I

Fig. 25.9
25.11 Key Diagram of 66/11 kV Sub-Station

Fig. 25.10 shows the key diagram of atypical 66/11 kV sub-station. The key diagram of this sub-
station can be explained as under :
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U]

(if)

(iii)

(iv)

V)

(vi)

(vii)
(i)

25.12

Therearetwo 66 kV incoming linesmarked ‘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 entireload. The double circuit arrangement increasesthereliability 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.

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 consistsof acircuit breaker and isolators. The advantage of double bus-bar systemis
that if repair isto be carried on one bus-bar, the supply need not be interrupted as the entire
load can be transferred to the other bus.

Thereisan arrangement in the sub-station by which the same 66 kV doublecircuit 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 asincoming line.

Thereisalso an arrangement to step down theincoming 66 kV supply to 11 kV by two units
of 3-phase transformers; each transformer supplying to a separate bus-bar. Generally, one
transformer suppliesthe 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 linesfeed to the distribution sub-stations|ocated near consumerslocali-
ties.

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.

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).
ThePT. isconnected right on the point wherethelineisterminated. The CTsare connected
at the terminals of each circuit breaker.

The lightning arresters are connected near the transformer terminals (on H.T. side) to pro-
tect them from lightning strokes.

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.

Key Diagram of 11 kV/400V Indoor Sub-Station

Fig. 25.11 shows the key diagram of atypical 11 kV/400 V indoor sub-station. The key diagram of
this sub-station can be explained as under :

U]

(if)

(iii)

The 3-phase, 3-wire 11 kV lineistapped 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-
phaseline.

From the G.O. switch, the 11 kV lineis brought to the indoor sub-station as underground
cable. ItisfedtotheH.T. side of the transformer (11 kV/400 V) viathe 11 kV O.C.B. The
transformer steps down the voltage to 400 V, 3-phase, 4-wire.

The secondary of transformer supplies to the bus-bars via the main O.C.B. From the bus-
bars, 400V, 3-phase, 4-wire supply isgiven to the various consumersvia400V O.C.B. The
voltage between any two phasesis400 V and between any phase and neutral itis230V. 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.
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11 kV Line

l G.0O. Switch
Cable Box

Underground
Cable

11 kV O.C.B.

< »
< »

50:5 C.T.

To 1 MVA— To

Consumers Consumers
11 kV/ 400 V
Main 400V
.C.B. 0O.CB. 0.C.B.
-I. 1200/5

400 V Bus-Bar
Fig. 25.11

(iv) TheCTsarelocated at suitable placesin the sub-station circuit and supply for the metering
and indicating instruments and relay circuits.

SELF - TEST

1. Fill in the blanks by appropriate wordsfigures :
(i) A sub-station ................. some characteristic of electric supply.
(if) Most of the sub-stations in the power system change.................. of electric supply.
(i) Anideal location for the sub-station would be at the................ of load.
(iv) Pole-mounted sub-stations are used for ............ distribution.
(v) Thevoltage 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) Anindoor 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)
(if) The possibility of fault escalation is .......... in outdoor sub-station than that of indoor sub-station.
(more, less)
(i) Magority 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 atransmission line.
(sending, receiving)
(v) Underground sub-stations are generaly located in................. (thickly populated areas, villages)

ANSWERS TO SELF-TEST
(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
(i) more (ii) less (iii) pole-mounted (iv) receiving (v) thickly populated areas

Ea

© N o o

10.
1.

CHAPTER REVIEW TOPICS

What isasub-station ? Name the factors that should be taken care of while designing and erecting a sub-
station.

Discuss the different ways of classifying the sub-stations.
Give the comparison of outdoor and indoor sub-stations.

What is atransformer sub-station ? What are the different types of transformer sub-stations ? Illustrate
your answer with a suitable block diagram.

Draw the layout and schematic connection of a pole-mounted sub-station.
Draw the layout of atypical underground sub-station.
Write a short note on the sub-station equipment.

What are the different types of bus-bar arrangements used in sub-stations ? Illustrate your answer with
suitable diagrams.

What are terminal and through sub-stations ? What is their purpose in the power system ?
Draw the key diagram of atypical 66/11 kV sub-station.
Draw the key diagram of atypical 11 kV/400 V indoor sub-station.

ok~ wdPE

DISCUSSION QUESTIONS

What is the need of a sub-station in the power system ?

Why are pole-mounted sub-stations very popular ?

Where we erect aterminal sub-station ?

Why do we useisolators on both sides of circuit breaker ?
What is the utility of instrument transformers in sub-stations ?

o FIRST
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Neutral Grounding

Introduction

n power system, *grounding or earthing
I means connecting frame of electrical
eguipment (non-current carrying part) or
some electrical part of the system (e.g. neutral
point in a star-connected system, one conductor
26.3 System Grounding of the secondary of atransformer etc.) to earth

i.e. soil. Thisconnection to earth may bethrough
2o UM EUeEs e el St aconductor or some other circuit element (e.g. a

26.1 Groundingor Earthing
26.2 Equipment Grounding

26.5 Neutral Grounding resistor, a circuit breaker etc.) depending upon
. the situation. Regardless of the method of

26.6 Advantages of Neutral Grounding connection to earth, grounding or earthing offers
26.7 Methods of Neutral Grounding two principal advantages. First, it provides
protection to the power system. For example, if

26.8 Solid Grounding the neutral point of a star-connected system is

grounded through acircuit breaker and phase to

A8 REEETEETeEie earth fault occurs on any one line, alarge fault

26.10 Reactance Grounding current will flow through the circuit breaker. The
26.11 Arc Suppression Coil Grounding * In electrical and electronic circuits, all the points
(or Resonant Grounding) which are electrically the same (called common

. points) are connected to the metal chassis. This

26.12 Voltage Transformer Earthing 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.

26.13 Grounding Transformer

586
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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 motorsetc.) ensuresthe 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 Grounding 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 isavery important subject. If grounding isdone systematically in theline 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 deal swith 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 Grounding

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 arefrequently 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 asshowninFig. 26.1. Notethat neutral issolidly grounded at the service entrance. In the interest
of easy understanding, we shall dividethe discussion into three headsviz. (i) Ungrounded enclosure
(i) 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 R, between the motor and enclosure
drops to a low value (a few hundred ohms or less). A person having a body resistance R, would
complete the current path as shown in Fig. 26.1.

S line —» 1
0—0 L
metal
230V enclosure
neutral N>
IV
Fig. 26.1

If Ryissmall (asis usualy the case when insulation failure of winding occurs), the leakage
current 1, through the person’s body could be dangerously high. As aresult, the person would get
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severe * electric shock which may be fatal. Therefore, this system is unsafe.

(if) Enclosureconnected 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 |, flowsfrom the motor, through the enclosure and straight back to the neutral wire (SeeFig.
26.2). Therefore, the enclosure remains at earth potential. Consequently, the operator would not
experience any electric shock.

S line —» I

Re
O— 0O O

230V

I <— neutral «— L Ry

NS

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 risesto that of thelive
conductor.

Fig. 26.2

line —>

230V
neutral

Fig. 26.3

(iif) Ground wire connected to enclosure. To get rid of this problem, we install athird 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 isinsulated, it is coloured green.

line —= A A
230V
S
neutral I Ry
-
= ground § <= N
conductor = =
Fig. 26.4

* Electricshock. Itisgenerally 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 Q to 50 kQ. If the resis-
tance of human body is assumed to be 20 kQ, then momentary contact with a230 V line can be potentially

fatdl. 230V
L= ——— = 115mA
20kQ
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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 Grounding

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) iscalled
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 advantagesincluding
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) showsthe primary winding of a distribution transformer connected between
the line and neutral of a11 kV line. If the secondary conductors are ungrounded, it would
appear that a person could touch either secondary conductor without harm becausethereis
no ground return. However, thisis not true. Referring to Fig. 26.5, there is capacitance C;
between primary and secondary and capacitance C, between secondary and ground. This
capacitance coupling can produce ahigh voltage between the secondary lines and the ground.
Depending upon the relative magnitudes of C; and C,, 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 |- flowing through the body could be dangerous even in case of small
transformers [See Fig. 26.5(ii)]. For example, if I isonly 20 mA, the person may get a
fatal electric shock.

11kV 11kv
neutral L neutral L
Fuse
C 1
:.'1 A
~itC 230V
u' 2
T 5oloov
/44
ground ground

(i) (ii)
Fig. 26.5

If one of the secondary conductorsis grounded, the capacitive coupling almost reduces to
zero and so is the capacitive current | .. As aresult, the person will experience no electric
shock. This explainsthe importance of system grounding.

(if) Let usnow turn to amore 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)
touchesthe 230 V conductor as shown in Fig. 26.6 (i). This could be caused by aninternal
fault in the transformer or by a branch or tree falling across the 11 kV and 230 V lines.
Under these circumstances, avery high voltageisimposed between the secondary conduc-
torsand ground. Thiswould immediately puncturethe 230V insulation, causing amassive
flashover. Thisflashover could occur anywhere on the secondary network, possibly inside



590 Principles of Power System

ahome or factory. Therefore, ungrounded secondary in this caseis a potential fire hazard
and may produce grave accidents under abnormal conditions.

11 kV

]
neutral 1
neutral \J
|
1
I
I
|
|

Fuse
fault

230V

|

\

|

|

Y| grounded

(l) 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 Ungrounded Neutral System

Inan ungrounded neutral system, the neutral isnot connected to the groundi.e. the neutral isisolated
from the ground. Therefore, thissystemisalso called isolated neutral systemor 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).

- v
L L s K]
LLLB
T3

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). Thelineis
assumed to be perfectly transposed so that each conductor has the same capacitance to ground.
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Therefore, Cy = Cy = Cz = C (say). Since the phase voltages Vgy, Vyy and Vg, have the same
magnitude (of course, displaced 120° from one another), the capacitive currents I, Iy and Iz will
have the samevaluei.e.

Von

Ig=ly=lg = ... iInmagnitude
where Vi = Phasevoltage (i.e. line-to-neutral voltage)
Xc = Capacitive reactance of the line to ground.

T .
N 1] )
I :

-
B : \
» Ir ABN

Fig. 26.8

%

(1) (ii’)

The capacitive currents |, |y and | 5 lead their respective phase voltages Vg, Vyy and Vg, 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 iszero. Asaresult,
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, aswe 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-
cursinline B at some point F. The *circuit then becomes as shown in Fig. 26.9(i). The capacitive
currents |z and I, flow through thelinesRand Y respectively. Thevoltagesdrivinglgand |y, areVgg
and Vg respectively. Notethat Vg and Vg y arethelinevoltages[See Fig. 26.9 (ii)]. Thepathsof 15
and |, areessentially capacitive. Therefore, I; leadsV gz by 90° and |, leadsV g by 90° asshownin
Fig. 26.9 (ii). The capacitive fault current |- in line B is the phasor sum of Iz and I,.

Fault currentinline B, lc =lg+I1y ... Phasorsum

N L = VBR _ ‘/évph
ow, R = _Xc Xe
q | Vey _ V3V

an = - =
Y Xe Xc

\/évph

IR: IY = T

* Dueto line-to-ground fault in line B, the potential of phase B becomes equal to the ground potential. This
short circuits the capacitance of thisline (i.e. capacitance Cg). Hence no capacitive current flows through
Cs.
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Fig. 26.9

= /3 x Per phase capacitive current under normal conditions
Capacitivefault currentinline B is
lc = Phasorsumof Igand Iy

J3v, 3V,
B =3 x Ve~ Voh
Xc Xc

3Ven _ 5 Ve

Xc Xc
3 x Per phase capacitive current under normal conditions

Ic

Therefore, when singlelineto ground fault occurs on an ungrounded neutral system, thefollow-
ing effects are produced in the system:

(i) Thepotential of thefaulty phase becomes equal to ground potential. However, the voltages
of thetwo remaining healthy phasesrisefrom their normal phasevoltagesto full linevalue.
Thismay result in insul ation breakdown.

(ii) The capacitive current in the two healthy phasesincrease to /3 times the normal value.
(i) The capacitive fault current (I ) 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 |- flows into earth. Experience shows that |- in excess of
4A issufficient to maintain an arc in theionized path of the fault. If this current isonce
maintained, it may exist even after the earth fault is cleared. This phenomenon of * per-
sistent arciscalled arcing ground. Due to arcing ground, the system capacity is charged
and discharged in acyclic order. This sets up high-frequency oscillations on the whole
system and the phase voltage of healthy conductors may riseto 5 to 6 timesits normal
value. The overvoltages in healthy conductors may damage the insulation in the line.

T Referring to Fig. 26.9(ii), the magnitudes of I and |, are equal and the angle between them is 60°. There-
fore, the resultant capacitive fault current |- is given by:
lc = 215 c0860°/2 =2l c0s30° =2 Ig % /3/2=3 1.

* When the arc is formed, the voltage across it becomes zero and the arc is extinguished. As aresult, 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 Grounding

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. afuse
etc.) operate to isolate the faulty conductor from the rest of the system. This point isillustrated in
Fig. 26.10.

Fuse

CANy
Pyl

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 asingle line to ground fault occursin line R at point F. Thiswill cause
the current to flow through ground path as shown in Fig. 26.10. Note that current flows from R-
phaseto earth, then to neutral point N and back to R-phase. Since theimpedance of the current path
islow, alarge current flows through this path. Thislarge current will blow the fusein R-phase and
isolatethefaulty line R. Thiswill protect the system from the harmful effects (e.g. damageto equip-
ment, electric shock to personnel etc.) of thefault. Oneimportant feature of grounded neutral isthat
the potential difference between the live conductor and ground will not exceed the phase voltage of
the systemi.e. it will remain nearly constant.

26.6 Advantages of Neutral Grounding

Thefollowing are the advantages of neutral grounding :

(i) Voltagesof the healthy phases do not exceed lineto ground voltagesi.e. they remain nearly
constant.

(if) The high voltages due to arcing grounds are eliminated.

(iif) 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) Theovervoltages due to lightning are discharged to earth.
(v) It provides greater safety to personnel and equipment.
(vi) It providesimproved service reliability.

(vii) Operating and maintenance expenditures are reduced.
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Note: It isinteresting to mention here that ungrounded neutral has the following advantages :
(i) Incaseof earth fault on oneline, the two healthy phases will continue to supply load for a
short period.
(i) Interference with communication linesisreduced 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 Grounding

The methods commonly used for grounding the neutral point of a 3-phase system are :
(i) Solid or effective grounding (if) Resistancegrounding
(iif) Reactancegrounding (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 Grounding

When the neutral point of a 3-phase system (e.g. 3- — I ———— R
phasegenerator, 3-phasetransformer etc.) isdirectly
*connected to earth (i.e. soil) through a wire of neg- N
ligible resistance and reactance, it is called solid —— TN ——— ¥
grounding or effective grounding.

Fig. 26.11 showsthe solid grounding of the neu-
tral point. Sincethe neutral point isdirectly connected
to earth through a wire, the neutral point is held at
earth potential under all conditions. Therefore, un- Fig. 26.11
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) Theneutra is effectively held at earth potential.

T B

Ir

— |

[ B
. L
— | 1
T \ Cr C

oo e e e e 0 e e e ) e

Fig. 26.12

*  Thisisametallic 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.
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(if) When earth fault occurs on any phase, the resultant capacitive current |- isin phase oppo-
sition to the fault current I .. The two currents completely cancel each other. Therefore, no
arcing ground or over-voltage conditions can occur. Consider alineto ground faultin line
B asshownin Fig. 26.12. The capacitive currentsflowing in the healthy phasesR and Y are
Ir and Iy, respectively. Theresultant capacitive current | - isthe phasor sumof Iz and . In
addition to these capacitive currents, the power source also supplies the fault current I.
Thisfault 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 |- iscapacitive and that of I -is*inductive.
Thetwo currents are in phase opposition and completely cancel each other. Therefore, no
arcing ground phenomenon or over-voltage conditions can occur.

(iif) 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 phasesremain at normal phase voltage because the potential of the neutral isfixed
at earth potential. This permits to insulate the equipment for phase voltage. Therefore,
thereisasaving in the cost of equipment.

(iv) 1t 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, alarge fault current flows
between the fault point and the grounded neutral. This permitsthe 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 hasto
bear alarge number of severe shocks. This causes the system to become unstable.

(if) The solid grounding resultsin 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.

(iif) Theincreased earth fault current results in greater interference in the neighbouring com-
munication lines.

Applications. Solid grounding isusually employed where the circuit impedanceis 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 Grounding

In order to limit the magnitude of earth fault current, it isacommon practice to connect the neutral
point of a 3-phase system to earth through aresistor. Thisis 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 isvery high, the system conditions become similar to ungrounded

* By symmetrical components, the fault current |- is given by :

3Vph

e = 2 +Zy,+Z,
Since Z, + Z, + Z, is predominantly inductive, | lags behind the phase to neutral voltage of the faulted
phase by nearly 90°.
** |t may be ametallic resistor or liquid resistor. Metallic resistors do not change with time and practically
reguire 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 AT R
such that the earth fault current is limited to
safe value but still sufficient to permit the
operation of earth fault protection system. In N AT v
practice, that value of Ris selected that lim-
its the earth fault current to 2 times the nor-
mal full load current of the earthed generator R § B YT LI B
or transformer.

Advantages. The following are the ad-
vantages of resistance earthing:

(i) By adjusting thevaueof R, thearc-
ing grounds can be minimised. Sup-
pose earth fault occursin phase B as shownin Fig. 26.14. The capacitive currents |z and Iy
flow in the healthy phasesR and Y respectively. Thefault current | - 1ags 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 I - can be resolved
into two componentsviz.

Fig. 26.13

Fig. 26.14

(8) g in phase with the faulty phase voltage.
(b) I, lagging behind the faulty phase voltage by 90°.

Thelagging component | -, isin phase opposition to the total capacitive current I . If thevalue
of earthing resistance R is so adjusted that |-, = |, 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 I, < I, the operation of the system becomes that of ungrounded neutral system.

(if) Theearth fault current issmall dueto the presence of earthing resistance. Therefore, inter-
ference with communication circuitsis reduced.
(iif) Itimprovesthe stability of the system.
Disadvantages. The following are the disadvantages of resistance grounding :
(i) Sincethe system neutral isdisplaced during earth faults, the equipment hasto beinsulated
for higher voltages.
(if) Thissystemiscostlier than the solidly grounded system.
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(iif) A large amount of energy is produced in the earthing resistance during earth faults. Some-
timesit 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 Grounding CLLLILLA R
In this system, a reactance is inserted
between the neutral and ground as shown N AT v

in Fig. 26.15. The purpose of reactance is

tolimit the earth fault current. By changing
the earthing reactance, the earth fault current Reactance% 00000 ——B

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 deviceis higher than that of resistance grounding for the same fault conditions.

(if) Hightransient voltages appear under fault conditions.

26.11 *Arc Suppression Coil Grounding (or Resonant Grounding)

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 valueis connected in parallel with the capacitance of the system, the fault current I - flowing
through L will be in phase opposition to the capacitive current | - of the system. If L is so adjusted
that I, = I, then resultant current in the fault will be zero. This condition is known as resonant
grounding.

When thevalue of L of arc suppression coil is such that the fault current I - exactly balancesthe
capacitive current I, 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 systemi.e. resonant grounding can be achieved.

Fig. 26.15

Cr Cy
Arc R Iy v
suppression Van BR B
coil
_>|R I
-— = F

Fig. 26.16

* Also called Peterson coil grounding.
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Operation. Fig. 26.16(i) shows the 3-phase system employing Peterson coil grounding. Sup-
pose lineto ground fault occursin theline B at point F. The fault current |- and capacitive currents
I and Iy will flow as shown in Fig. 26.16(i). Note that |- flows through the Peterson coil (or Arc
suppression coil) to neutral and back through the fault. The total capacitive current | is the phasor
sum of Iz 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 | lags the faulty phase voltage by
90°. The current | isin phase opposition to capacitive current | - [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 isso adjusted that I, =1, 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 C and C,,..

mty = Y3
R™TY —
Xc
NEVN- Y/
IC: \/§IR = \/é X —ph :_ph
Xc Xc
Here, X isthelineto ground capacitive reactance.
Fault current = o
ault current, = -
F XL

Here, X, istheinductive reactance of the arc suppression coil.
For resonant grounding, |, = 1.

\Y/ 3V,

o Vi |
XL X

_ X

or X = 3
or wL = i
3wC

1

L= — ()

3u’C

Exp. (i) givesthe value of inductance L of the arc suppression coil for resonant grounding.

Advantages. The Peterson coil grounding has the following advantages:
(i) The Peterson coail iscompletely effective in preventing any damage by an arcing ground.
(if) The Peterson coil has the advantages of ungrounded neutral system.

Disadvantages. The Peterson coil grounding has the following disadvantages :

(i) Duetovarying operational conditions, the capacitance of the network changesfrom timeto
time. Therefore, inductance L of Peterson coil requires readjustment.

(if) Thelines should be transposed.
26.12 Voltage Transformer 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 arelay is
connected across the secondary of the voltage transformer. The voltage transformer providesahigh
reactance in the neutral earthing circuit and operates virtually as an ungrounded neutral system. An












602 Principles of Power System

voltages remain balanced asthey would be on aregular 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 | isrelatively 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 ironlosses
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 ashort interval.

Grounded Transformer

SELF - 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 voltagesto ............... .

(i) When singlelineto earth fault occurs on an ungrounded neutral system, the capacitive current in
the two healthy phasesrisesto ................... times the normal value.

(iif) 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) Whensinglelineto earth fault occursin solid grounding system, the phase to earth voltage of the
remaining two healthy phasesremain at ................... .

2. Pick up the correct words/figures from brackets and fill in the blanks.
(i) Theungrounded neutral system cannot provide adequate protection against earth faults because

the capacitive fault current is................... (small, very large)
(if) In Peterson coil grounding, when inductive fault current becomes equal to capacitive current of
the system, then ................... (Xe=3X; X =3Xp)
(iii) Involtagetransformer grounding ...........c....... of single phase transformer is connected between
neutral and earth. (secondary, primary)
(iv) Inequipment grounding, the enclosure is connected to ................... wire. (ground, neutral)

(v) The ground wireiscoloured ................... . (black, green)
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(vi) Theneutral wireiscoloured ................... . (black, green)

(vii) In Peterson coil grounding, the inductance of the cail 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.(phaseto earth, phase to phase)

ANSWERS TO SELF-TEST

(i) linevalue (ii) /3 (iii))3 (iv)L= ﬁ (v) normal phase voltage

(i) small (i) Xc=3X, (iii) primary (iv) ground (v)green (vi)black (vii)variable
(viii) does (ix) isnot (x) phaseto earth

© N A WD R
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CHAPTER REVIEW TOPICS

What do you mean by grounding or earthing? Explain it with an example.
Describe ungrounded or isolated neutral system. What are its disadvantages?
What do you mean by equipment grounding?

Illustrate the need of equipment grounding.

What is neutral grounding?

What are the advantages of neutral grounding?

What is solid grounding? What are its advantages?

What are the disadvantages of solid grounding?

What is resistance grounding? What are its advantages and disadvantages?
Describe Arc suppression coil grounding.

. What is resonant grounding?

No oA

DISCUSSION QUESTIONS

Why is ground wire used in equipment grounding?
Thereis 11 kV/230V single phase transformer. One can notice that one of the secondary conductorsis
grounded. Why?

The H.V. line of asingle phase transformer accidently fallson L.V. line. There may be massive flash-
over in ahome or factory. Why?

In an overhead system, most of the faults are single line to ground. Why?
What are the factors causing arching grounds?

What is the importance of arc suppression coil grounding?

Where do we use grounding transformer?
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