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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
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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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Theprinci pal d| sadvantage of the Ci rcwt arrangement shown inFig. 15 4 |sthat 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 lb
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 Z’ 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
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 T
of loads. The voltage at BB is controlled by the use of regulating e |
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 e 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

%\ ’(ﬂﬂ)‘( 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°
= - 19,053V
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 in theline.

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.

25 x 10°
/3 x33000 x0 8
|, cos @, =546-8 x 0-8=437-4 A

=546BA

Load current, 1, =

I
p
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°
= == ——— =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 themark (iii) + 1% (iv) regulating (v) nointerruption (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
1. Discuss the importance of voltage control in the modern power system.
2. What are the various methods of voltage control in a power system ?
3. Describe with the aid of neat sketch the construction and working of a Tirril regulator.
4. Explain the construction and working of Brown-Boveri regulator with a neat sketch.
5. Describe the off-load tap changing transformer method of voltage control. What are the limitations of
the method ?
6. 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.
DISCUSSION QUESTIONS
1. Voltage control equipment is generally located at more than one point. Why ?

2. Tap-changing is generally performed on load. Why ?
. Why do we use overshooting the mark principle in automatic voltage regulators ?
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