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Basic Principle

A.C. generators or alternators (as they are
usually called) operate on the same fundamental
principles of electromagnetic induction as d.c.
generators. They also consist of an armature
winding and a magnetic field. But there is one
important difference between the two. Whereas
in d.c. generators, the armature rotates and
the field system is stationary, the arrangement
in alternators is just the reverse of it. In their
case, standard construction consists of armature
winding mounted on a stationary element called szator and field windings on a rotating element called rotor.
The details of construction are shown in Fig. 37.1.
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Fig. 37.1

The stator consists of a cast-iron frame, which supports the armature core, having slots on its inner
periphery for housing the armature conductors. The rotor is like a flywheel having alternate
Nand S poles fixed to its outer rim. The magnetic poles are excited (or magnetised) from direct current
supplied by ad.c. source at 125 to 600 volts. In most cases, necessary exciting (or magnetising) current is
obtained from a small d.c. shunt generator which is belted or mounted on the shaft of the alternator itself.
Because the field magnets are rotating, this current is supplied through two sliprings. As the exciting voltage
isrelatively small, the slip-rings and brush gear are of light construction. Recently, brushless excitation
systems have been developed in which a 3-phase a.c. exciter and a group of rectifiers supply d.c. to the
alternator. Hence, brushes, slip-rings and commutator are eliminated.

When the rotor rotates, the stator conductors (being stationary) are cut by the magnetic flux, hence
they have induced e.m.f. produced in them. Because the magnetic poles are alternately N and S, they induce
an e.m.f. and hence current in armature conductors, which first flows in one direction and then in the other.
Hence, an alternating e.m.f. is produced in the stator conductors (/) whose frequency depends on the



number of N and S poles moving past a
conductor in one second and (i) whose
direction is given by Fleming's Right-hand rule.

Stationary Armature

Advantages of having stationary armature
(and arotating field system) are :

1. The output current can be led directly
from fixed terminals on the stator (or
armature windings) to the load circuit,
without having to pass it through
brush-contacts.

Laminated core

|

. Armature
windings
(in slots)

Stator .~
assembly

Stationary armature windings

stampings and windings in position. Low-
speed large-diameter alternators have frames
which because of ease of manufacture, are
cast in sections. Ventilation is maintained
with the help of holes cast in the frame itself.
The provision of radial ventilating spaces
in the stampings assists in cooling the
machine.

But, these days, instead of using castings,
frames are generally fabricated from mild
steel plates welded together in such a way as
to form a frame having a box type section.

In Fig. 37.2 is shown the section through
the top of a typical stator.
2 Stator Core

The armature core is supported by the
stator frame and is built up of laminations of

2

3

4

Alternators

It is easier to insulate stationary armature winding
for high a.c. voltages, which may have as higha
value as 30 kV or more.

The sliding contacts i.e. slip-rings are transferred
to the low-voltage, low-power d.c. field circuit
which can, therefore, be easily insulated.

The armature windings can be more easily braced
to prevent any deformation, which could be
produced by the mechanical stresses set up asa
result of short-circuit current and the high
centrifugal forces brought into play.

Details of Construction

1. Stator Frame

Ind.c. machines, the outer frame (or yoke) serves to
carry the magnetic flux but in alternators, it is not meant
for that purpose. Here, it is used for holding the armature

tator Frame

%Air Ducts
Core
Laminations

Fig. 37.2
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special magnetic iron or steel alloy. The core
is laminated to minimise loss due to eddy
currents. The laminations are stamped out
in complete rings (for smaller machine) or in
segments (for larger machines). The
laminations are insulated from each other and
have spaces between them for allowing the
cooling air to pass through. The slots for
housing the armature conductors lie along the
inner periphery of the core and are stamped
out at the same time when laminations are
formed. Different shapes of thearmature
slots are shown in Fig. 37.3.

The wide-open type slot (also used in
d.c. machines) has the advantage of
permitting easy installation of form-wound
coils and their easy removal in case of repair.
Butit has the disadvantage of distributing the

Streetbike stator

air-gap flux into bunches or tufts, that produce ripples in the wave of the generated e.m.f. The semi-closed
type slots are better in this respect, but do not allow the use of form-wound coils. The wholly-closed type
slots or tunnels do not disturb the air-gap flux but (i) they tend to increase the inductance of the windings

(if) the armature conductors have to be
threaded through, thereby increasing initial
labour and cost of winding and (iii) they
present a complicated problem of end-
connections. Hence, they arerarely used.

Rotor

Two types of rotors are used in
alternators (7) salient-pole type and
(if) smooth-cylindrical type.

(i) Salient (or projecting) Pole Type

Slip Rings

Turbine Driven Rotor

Salient-pole
Rotor

High speed -1200 RPM
Ormore

Low speed -1200 RPM

Cross-section Orless

-

o -

Wide-Open

Schematic

Types of rotors used in alternators

Semi-Closed Closed

Fig. 37.3

It is used in low-and medium-speed
(engine driven) alternators. It hasa
large number of projecting (salient)
poles, having their cores bolted or
dovetailed onto a heavy magnetic
wheel of cast-iron, or steel of good
magnetic quality (Fig. 37.4). Such
generators are characterised by their
large diameters and short axial lengths.
The poles and pole-shoes (which
cover 2/3 of pole-pitch) are laminated
to minimize heating due to eddy cur-
rents. Inlarge machines, field wind-
ings consist of rectangular copper strip
wound onedge.
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(i) Smooth Cylindrical Type

It is used for steam turbine-driven alternatorsi.e. turbo-
alternators, which run at very high speeds. The rotor consists of a
smooth solid forged steel cylinder, having a number of slots milled
out at intervals along the outer periphery (and parallel to the shaft)
for accommodating field coils. Such rotors are designed mostly
for 2-pole (or 4-pole) turbo-generators running at 3600 r.p.m.
(or 1800 r.p.m.). Two (or four) regions corresponding to the
central polar areas are left unslotted, as shown in Fig. 37.5 (a) Fig. 37.4
and ().

The central polar areas are surrounded by
the field windings placed in slots. The field
coils are so arranged around these polar
areas that flux density is maximum on the
polar central line and gradually falls away
oneitherside. It should be noted that in
this case, poles are non-salient i.e. they
do not project out from the surface of the
rotor. To avoid excessive peripheral
velocity, such rotors have very small
diameters (about 1 metre or so). Hence,
turbo-generators are characterised by
small diameters and very long axial (or
rotor) length. The cylindrical construction
of the rotor gives better balance and

Turbine alternator

quieter-operation and also less windage losses.
Damper Windings

Most of the alternators have Non-Salient
their pole-shoes slotted for re-
ceiving copper bars of a grid or
damper winding (also known as
squirrel-cage winding). The cop-
per bars are short-circuited at
both ends by heavy copper rings
(Fig. 37.6). These dampersare
useful in preventing the hunting
(momentary speed fluctuations) in
generators and are needed in syn-

v Max. Flux Density =~ | —

chronous motors to provide the A
starting torque. Turbo-generators Field Windings
usually do not have these damper (@) ®)

windings (except in special case
to assist in synchronizing) be-
cause the solid field-poles themselves act as efficient dampers. It should be clearly understood that under
normal running conditions, damper winding does not carry any current because rotor runs at synchronous
speed.

The damper winding also tends to maintain balanced 3-¢ voltage under unbalanced load conditions.

Fig. 37.5
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Speed and Frequency

Bars of
In an alternator, there exists a definite relationship between Damping Winding
the rotational speed (V) of the rotor, the frequency (f) of the Yooy

generated e.m.f. and the number of poles P.

Consider the armature conductor marked X'in Fig. 37.7
situated at the centre of a N-pole rotating in clockwise
direction. The conductor being situated at the place of
maximum flux density will have maximum e.m.f. induced in it.

The direction of the induced e.m.f. is given by Fleming’s
right hand rule. But while applying this rule, one should be
careful to note that the thumb indicates the direction of the
motion of the conductor relative to the field. To an observer
stationed on the clockwise revolving poles, the conductor
would seem to be rotating anti-clockwise. Hence, thumb
should point to the left. The direction of the induced e.m.f. is
downwards, in a direction at right angles to the plane of the
paper.

When the conductor is in the interpolar gap, as at A in Fig. 37.7, ithas minimum e.m.f. induced in it,
because flux density is minimum there. Again,
when it is at the centre of a S-pole, it has maxi-
mum e.m.f. induced in it, because flux density at
Bismaximum. Butthe direction of the e.m.f. when
conductor is over a N-pole is opposite to that
when itis overa S-pole.

Salient
Poles

Fig. 37.6

Obviously, one cycle of e.m.f. is induced in a
conductor when one pair of poles passes over it.
In other words, the e.m.f. in an armature
conductor goes through one cycle in angular

distance equal to twice the pole-pitch, as /

shownin Fig. 37.7. Pole Pitch
Let P = total number of magnetic poles Fig. 37.7

N = rotative speed of the rotor in r.p.m.
= frequency of generated e.m.f. in Hz.
Since one cycle of e.m.f. is produced when a pair of poles passes past a conductor, the number of
cycles of e.m.f. produced in one revolution of the rotor is equal to the number of pair of poles.
.. No. of cycles/revolution = P/2 and No. of revolutions/second = N/60

P N PN
frequency = 5 =" 512

or f= % Hz
N is known as the synchronous speed, because it is the speed at which an alternator must run, in
order to generate an e.m.f. of the required frequency. In fact, for a given frequency and given number of
poles, the speed is fixed. For producing a frequency of 60 Hz, the alternator will have to run at the
following speeds:

No. of poles 2 4 6 12 24 36
Speed (r.p.m.) 3600 1800 1200 600 300 200




Referring to the above equation, we get P=120f/N
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It is clear from the above that because of slow rotative speeds of engine-driven alternators, their
number of poles is much greater as compared to that of the turbo-generators which run at veryhigh

speeds.

Arm ature Windings

The armature windings in alternators are different from
those used in d.c. machines. The d.c. machines have closed
circuit windings but alternator windings are open, in the
sense that there is no closed path for the armature currents
in the winding itself. One end of the winding is joined to the
neutral point and the other is brought out (for a star-
connected armature).

The two types of armature windings most commonly
used for 3-phase alternators are :

() single-layer winding

@) double-layer winding

Single-layer Winding

It is variously referred to as concentric or chain winding.
Sometimes, it is of simple bar type or wave winding.

The fundamental principle of such a winding is
illustrated in Fig. 37.8 which shows a single-layer, one-turn,
full-pitch winding for a four-pole generator. There are 12
slots in all, giving 3 slots per pole or 1 slot/phase/pole. The
pole pitch is obviously 3. To get maximum e.m.f., two sides
of a coil should be one pole-pitch apart i.e. coil span should
be equal to one pole pitch. In other words, if one side of the

D.C. Armature

Fig. 37.8

coil is under the centre of a N-pole, then the, other side of the same coil should be under the centre of
S-polei.e. 180° (electrical) apart. Inthat case, the e.m.fs. induced in the two sides of the coil are added

Permanent
magnet

Gap
sensor

Single layer winding

together. It is seen from the above
figure, that R phase starts at slot No.
1, passes through slots 4, 7 and
finishes at 10. The Y-phase starts
120° afterwards i.e. from slot No. 3
which is two slots away from the start
of R-phase (because when 3 slots
correspond to 180° electrical degrees,
two slots correspond to an angular
displacement of 120° electrical). It
passes through slots 6, 9 and
finishes at 12. Similarly, B-phase
starts from slot No.5 i.e. two slots
away from the start of Y-phase. It
passes through slots 8, 11 and
finishes at slot No. 2, The developed
diagram is shown in Fig. 37.9. The
ends of the windings are joined to
form a star point for a Y-connection.
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Star Point
Fig. 37.9

Concentric or Chain Windings

For this type of winding, the number of slots is equal to twice the number of coils or equal to the number
of coil sides. In Fig. 37.10 is shown a concentric winding for 3-phase alternator. It has one coil per pair of
poles perphase.
It would be noted that the polar group of each phase is 360° (electrical) apart in this type of winding
1. It is necessary to use two

different shapes of coils to | 180° 1607
. . “«—»
avoid fouling of end I"Pale Pitch!

connections. ;\ ﬁ’( I‘ m ﬁ

2 Since polar groups of each

phase are 360 electrical de-
grees apart, all such groups

are connected in the same
direction.

3. The disadvantage is that U 7 T
short-pitched coils cannot _J k j k

be used. Fig. 37.10

InFig. 37.11is showna
concentric winding with two e 3607 >

' T Hoo

F
Different shapes of coils are [( T
B B R R

required for thiswinding. BB R Y
All coil groups of phase lL J lL J
NIAVE IV iV R
e 1507

R are connected in the same
———
307

R

direction. It is seen that in
each group, one coil has a
pitch of 5/6 and the other
has a pitch of 7/6 so that pitch Fig. 37.11

factor (explained later) is 0.966. Such windings are used for large high-voltage machines.

Two-Layer Winding

This winding is either of wave-wound type or lap-wound type (this being much more common espe-
cially for high-speed turbo-generators). It is the simplest and, as said above, most commonly-used not only
insynchronous machines but in induction motors as well.
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Two important points regarding this winding should be noted :

(@ Ordinarily, the number of slots in stator (armature) is a multiple of the number of poles and the
number of phases. Thus, the stator of a4-pole, 3-phase alternator may have 12,24, 36, 48 etc.
slots all of which are seen to be multiple of 12 (i.e. 4 x 3).

(b) The number of stator slots is equal to the number of coils (which are all of the same shape).
In other words, each slot contains two coil sides, one at the bottom of the slot and the other
atthe top. The coils overlap each other, just like shingles on a roof top.

For the 4-pole, 24-slot stator machine shown in Fig. 37.12, the pole-pitch is 24/4 = 6. For maximum
voltage, the coils should be full-pitched. It means that if one side of the coil is in slot No.1, the other
side should be in slot No.7, the two slots 1 and 7 being one pole-pitch or 180° (electrical) apart. To
make matters simple, coils have been labelled as 1, 2, 3 and 4 etc. In the developed diagram of Fig.
37.14, the coil number is the number of the slot in which the left-hand side of the coil is placed.

Each of the three phases has 24/3 = 8 coils, these being so selected as to give maximum
voltage when connected in series.
When connected properly, coils
1,7,13 and 19 will add directly in
phase. Hence, we get 4 coils for
this phase. To complete eight coils
for this phase, the other four
selected are 2, 8, 14 and 20 each of
which is at an angular
displacement of 30° (elect.) from
the adjacent coils of the first. The
coils 1 and 2 of this phase are said
to constitute a polar group (which
is defined as the group of coils/
phase/pole). Other polar groups
for this phase are 7 and 8, 13 and
14, 19 and 20 etc. After the coils
are placed in slots, the polar
groups are joined. These groups
are connected together with
alternate poles reversed (Fig.
37.13) which shows winding for
one phase only.

Now, phase Y is to be so
placed as to be 120° (elect.) away
from phase R. Hence, it is started
from slot 5 i.e. 4 slots away (Fig.
37.14). It should be noted thatan-
gular displacement between slot [ 1] 2] 3] a]s]s] 7] 8] o] o[ 1s] 2] 13] 1] 15] 16] 17] 18] 19] 20[ 21] 22] 23[ 24] 1 [ 2]
No. 1 and5is4 x30=120° (elect).

Starting from coil 5, each of the

other eight coils of phase Y will be

placed 4 slots to the right of corre-

sponding coils for phase R. In the Fig. 37.13

same way, B phase will start from coil 9. The complete wiring diagram for three phases is shown in
Fig.37.14. The terminals R,, Y, and B, may be connected together to form a neutral for Y-connection.
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N 7,

Fig. 37.14 (a)
A simplified diagram of the above winding is shown below Fig. 37.14. The method of construction for

this can be understood by closely inspecting the developed diagram.

R | 1,2 7,8 13, 14 | 19,20 R,

Y, | 56 11,12 17,18 | 23,24 Y,

B, | 9 10 15,16 21,22 | 3.4 B,
Fig. 37.14 (b)

Wye and Delta Connections

For Y-connection, R, Y, and B, are joined together to form the star-point. Then, ends R,, ¥, and B,
are connected to the terminals. For deltacon-
nection, R,and Y}, Y, and B; B, and R, are con- R,

nected together and terminal leads are brought B,
out from their junctions as shownin Fig.37.15 T‘E ' z
(@) and (b). g g
i )
Short-pitch Winding : Pitch . B, R, F
factor/chording factor Y, Y,
S — )

So far we have discussed full-pitched coils
i.e. coils having span which is equal to one (a) (b)
pole-pitchi.e. spanning over 180° (electrical). Fig. 37.15
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AsshowninFig. 37.16,if the coil sides are placed in slots 1 and 7, then it is full-pitched. Ifthe coil
sides are placed in slots 1 and 6, then it is short-pitched or fractional-pitched because coil span is equal to
5/6 of a pole-pitch. It falls short by 1/6 pole-pitch or by 180°/6 =30°. Short-pitched coils are deliberately
used because of the following advantages:

1. Theysave copper of end connections. i F;}g [;]]tfll;'l
2. They improve the wave-form of the generated e.m.f. i.e. the

generated e.m.f. can be made to approximate to a sine wave :

more easily and the distorting harmonics can be reduced or 24 1]2]3]4]5] 6] 7] 8]

totally eliminated. I
3. Dueto elimination of high frequency harmonics, eddy current ?

and hysteresis losses are reduced thereby increasing the )

Pole Pitch

efficiency.
But the disadvantage of using short-pitched coils is that the total
voltage around the coils is somewhat reduced. Because the voltages Fig. 37.16
induced in the two sides of the short-pitched coil are slightly out of phase, their resultant vectorial sum is less
than their arithmetical sum.

|

The pitch factor or coil-span factor k, or k. is defined as
_ vector sum of the induced e.m.fs. per coil
arithmetic sum of the induced e.m.fs. per coil

It is always less than unity.
Let E¢be the induced e.m.f. in each side of the coil. Ifthe coil were full-pitched i.e. if its two sides were
one pole-pitch apart, then total induced e.m.f. in the coil would have been=2E[Fig. 37.17 (a).
Ifitis short-pitched by 30° (elect.) then as shown in Fig. 37.17 (b), their resultant is £ which is the
vector sum of two voltage 30° (electrical) apart.
E=2Egcos 30°2 =2Egcos 15°
;vecto?sum‘ZEZZEScoslS _ 152~ 0.966
¢ arithmeticsum 2 Eg 2FE

Hence, pitch factor, k£, =0.966.

v

L]
e 2E,
(@)

A4

Fig. 37.17

In general, if the coil span falls short of full-pitch by an angle o (electrical)*,

then k.= cos a/2.

Similarly, for a coil having a span of 2/3 pole-pitch, k.= cos 60°/2 = cos 30° = 0.866.
It is lesser than the value in the first case.

Note. The value of o will usually be given in the question, if not, then assume £, = 1.

*  This angle is known as chording angle and the winding employing short-pitched coils is called chorded
winding.
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Example 37.1. Calculate the pitch factor for the under-given windings : (a) 36 stator slots, 4-
poles, coil-span, 1 to 8 (b) 72 stator slots, 6 poles, coils span 1 to 10 and (c) 96 stator slots, 6 poles,

coil span 1 to 12. Sketch the three coil spans.

«— 180° Pole Pitch , <«—— 180° Pole Pitth ————»
T T 17T 17T 17T T°1 11T T T T 1T T 1T T T T°7T T
23456789 ||101112 1234567891011 12 | |131415
TR N T N Y A | [ | N I T S [y B | [
«
(@) (b)

Fig. 37.18

Solution. (a) Here, the coil span falls short by (2/9) x 180° = 40°

o = 40°
. k,=cos 40°/2 = cos 20° = 0.94

(b) Here o =(3/12) x 180° =45° - k,=cos 45°/2 = c0s 22.5° = 0.924
(&) Here a=(5/16)x 180°=56°16' . k.= cos 28°8=0.882

The coil spans have been shown in Fig. 37.18.

Distribution or Bre adth Fa ctor or Winding Fa ctor or Spread Factor

It will be seen that in each phase, coils are not concentrated or bunched in one slot, but are
distributed in a number of slots to form polar groups under each pole. These coils/phase are displaced
from each other by a certain angle. The result is that the e.m.fs. induced in coil sides constituting a
polar group are not in phase with each other but differ by an angle equal to angular displacement of

the slots.

In Fig. 37.19 are shown the end connections of a 3-phase single-layer winding for a 4-pole

Fig. 37.19

alternator. It has a total of 36 slots i.e. 9
slots/pole. Obviously, there are 3 slots /
phase / pole. For example, coils 1, 2 and 3
belong to R phase. Now, these three coils
which constitute one polar group are not
bunched in one slot but in three different
slots. Angular displacement between any
two adjacent slots = 180°/9 = 20° (elect.)
If the three coils were bunched in one slot,
then total e.m.f. induced in the three sides
of the coil would be the arithmetic sum of
the three e.m.fs. i.e. =3 E;, where Eis the
e.m.f. induced in one coil side [Fig.37.20
(@]

Since the coils are distributed, the individual
e.m.fs. have a phase difference of 20° with
each other. Their vector sum as seen from
Fig. 35.20 (b) is
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E=FEgcos 20°+ Eg+ Egcos 20°
=2 Egcos 20° + E
=2E¢x09397+E¢=288 Eg
The distribution factor (k) is defined as

e.m.f. with distributed winding
e.m.f. with concentrated winding

In the present case

ko_ em.f. w1t.h wn}dn}g in 3 slots/pole/phase _ E _ 2.88 Eg_ 0.96
d e.m.f. with winding in1slots/pole/phase 3 E 3ES

\ Az

Fig. 37.20
General Case
Let B be the value of angular displacement between the slots. Its value is

180° _ 180°
No. of slots/pole n

[3_

Let m = No. of slots/phase/pole
mp = phase spread angle

Then, the resultant voltage induced in one polar group
would be mE

where E is the voltage induced in one coil side. Fig.37.21
illustrates the method for finding the vector sum of m
voltages each of value Eg and having a mutual phase
difference of B (if m is large, then the curve ABCDE will Fig. 37.21
become part of a circle of radius ).
AB = E¢=2rsin /2
Arithmetic sum is = mEg=m x 2r sin /2
Their vector sum= AE = E, = 2r sin m/2
__vector sum of coils e.m.fs.

d arithmetic sum of coil e.m.fs.

2rsinmfB /2 =sinm B/2
mx2rsinf/2 msinP/2
The value of distribution factor of'a 3-phase alternator for different number of slots/pole/phase is given
intable No. 37.1.
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Table 37.1
Slots per pole m Be Distribution factor k,
3 1 60 1.000
6 2 30 0.966
9 3 20 0.960
12 4 15 0.958
15 5 12 0.957
18 6 10 0.956
24 8 7.5 0.955

In general, when [ is small, the above ratio approaches

_chord _sinmfB/2 — angle mp/2 in radians.
arc mpB/2
Example 37.2. Calculate the distribution factor for a 36-slots, 4-pole, single-layer three-phase
winding. (Elect. Machine-I Nagpur Univ. 1993)
Solution. n =36/4=9;B3=180°/9=20° m=36/4x3=3

sinmB/2 sin3 x20 /2=0.96

kd = ; =,
msin3/2  3sin20°/2

Example. 37.3. 4 part of an alternator winding consists of six coils in series, each coil having
ane.m.f. of 10 V r.m.s. induced in it. The coils are placed in successive slots and between each slot
and the next, there is an electrical phase displacement of 30°. Find graphically or by calculation,
the e.m.f. of the six coils in series.

Solution. By calculation

Here B= 30°:m=6 .. k=
4 msinB/2 6xsin15° 6x0.2588

Arithmetic sum of voltage induced in 6 coils =6 x 10 =60 V

Vectorsum = k, x arithmetic sum =60 x 1/6 x 0.2588 =38.64V

Example 37.4. Find the value of k, for an alternator with 9 slots per pole for the following
cases :

sinmB/2 _ sin90° 1

(i) One winding in all the slots (ii) one winding using only the first 2/3 of the slots/pole (iii) three
equal windings placed sequentially in 60° group.

Solution. Here, 3 = 180°/9 = 20° and values of m i.e. number of slots in a group are 9, 6 and 3
respectively.

@) m=9, B=20° k _ sin9x20°/2_ o[ _sinw2 g o]
¢ 9sin20°/2 HF i %J

(i) m=6, P=20° k _sin6x20°/2 oo ork _Sinm/3_ g7
¢ 6sin20°/2 HF 4 mi 1U

i) m=3, B=20° k _ sin3x20°/2 . lork SO _ 0,955
4 36in20°/2 doa e I
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Equation of Induced E.M.F.

Let Z =No. of conductors or coil sides inseries/phase
= 2T — where T'is the No. of coils or turns per phase
(remember one turn or coil has two sides)
P =No. of poles
f= frequency of induced e.m.f. in Hz
@ = flux/pole in webers

sin m /2
kq= distribution factor =, sin g/2

k. or k, = pitch or coil span factor = cos o/2
k; = from factor=1.11 —if e.m.f. isassumed sinusoidal
N = rotor r.p.m.
In one revolution of the rotor (i.e. in 60./N second) each stator conductor is cut by a flux of ®P
webers.
d® = ®P and dt = 60/N second
. dd  dP DNP
.. Average e.m.f. induced per conductor = = =
dt  60/N 60
Now, we know that /= PN/120 or N = 120 f/P
Substituting this value of N above, we get
QP INS_ 5t volt
60 P
If there are Z conductors in series/phase, then Average e.m.f./phase = 2f ®Z volt =4 f®T volt
R.M.S. value ofem.f./phase = 1.11 x 4f OT = 4.44f O Tvolt*.
This would have been the actual value of the induced voltage if all the coils in a phase were
(i) full-pitched and (i7) concentrated or bunched in one slot (instead of being distributed in several slots
under poles). But this not being so, the actually available voltage is reduced in the ratio of these two factors.

- Actually available voltage/phase = 4.44 k k,f® T= 4 k;k k,/ P T volt.

Ifthe alternator is star-connected (as is usually the case) then the line voltage is /3 times the phase
voltage (as found from the above formula).

Average e.m.f. per conductor =

Effect of Harmonics on Pit ch and Distribution Factors

(@ Ifthe short-pitch angle or chording angle is o degrees (electrical) for the fundamental flux wave,
thenits values for different harmonics are

for 3rd harmonic = 3 a; for 5th harmonic =35 o and so on.
pitch-factor, k, = coso/2 —for fundamental
= cos3a/2 —for 3rdharmonic
= cos5a/2 —for 5th harmonic etc.
(b) Similarly, the distribution factor is also different for different harmonics. Its value becomes
k, = sinm B /2 where n is the order of the harmonic

4 msinB/2

*  Itis exactly the same equation as the e.m.f. equation of a transformer. (Art 32.6)
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sinmf3/2
msin /2
sin3mB/2
msin33/2
sinSmB/2

for 5th harmonic, n=>5 kys = msin 5 B/2

(© Frequencyis also changed. If fundamental frequencyis 50 Hz i.e. f; = 50 Hz then other frequen-
cies are:

3rd harmonic, Jf3 =3 x50 =150 Hz, 5th harmonic, f;=5 x 50 = 250 Hz etc.
Example 37.5. An alternator has 18 slots/pole and the first coil lies in slots 1 and 16. Calculate
the pitch factor for (i) fundamental (ii) 3rd harmonic (iii) 5th harmonic and (iv) 7th harmonic.
Solution. Here, coil spanis = (16— 1) = 15 slots, which falls short by 3 slots.
Hence, o= 180° x 3/18 = 30°
(i) k. =cos30°2=cos 15°=0.966 (i) k3= cos 3 x 30°/2 =0.707
(iii) k5= cos 5 x 30°/2 = cos 75° = 0.259 (iv) k_,= cos 7 x 30°/2 = cos 105° = cos 75° = 0.259.
Example 37.6. A 3-phase, 16-pole alternator has a star-connected winding with 144 slots and
10 conductors per slot. The flux per pole is 0.03 Wb, Sinusoidally distributed and the speed is
375 r.p.m. Find the frequency rpm and the phase and line e.m.f. Assume full-pitched coil.
(Elect. Machines, AMIE Sec. B, 1991)
Solution. f= PN/120=16 x375/120=50 Hz
Since £, is not given, it would be taken as unity.
n=144/16=9; 3 =180°/9 =20° m = 144/16 x 3=3
k,=sin 3 x (20°/2)/3 sin (20°/2) = 0.96
Z =144 x 10/3 = 480; T=480/2 = 240 / phase
Eph= 444 x1x0.96 x50x0.03 x240=15.34V
Line voltage, E, = BB E, =/3x1534=2658V
Example 37.7. Find the no-load phase and line voltage of a star-connected 3-phase, 6-pole
alternator which runs at 1200 rpm, having flux per pole of 0.1 Wb sinusoidally distributed. Its

stator has 54 slots having double layer winding. Each coil has 8 turns and the coil is chorded by 1
slot.

for fundamental, n =1 kg =

for 3rd harmonic, n =73 kp =

(Elect. Machines-I, Nagput Univ. 1993)
Solution. Since winding is chorded by one slot, it is short-pitched by 1/9 or 180°/9 =20°
: k. = c0s20°/2=0.98;/=6x1200/120=60 Hz
n = 54/6=9;pB=180°/9=20°m=54/6 x3=3
k,=sin 3 x (20°/2)/3 sin (20°/2) = 0.96
Z=54x8/3=144;T=144/2=172, =6 x 1200/120 = 60 Hz
E,,=4.44x0.98x0.96 x 60 x 0.1 x 72 = 1805 V

Line voltage, E = 3 x1805=3125V.

Example 37.8. The stator of a 3-phase, 16-pole alternator has 144 slots and there are 4
conductors per slot connected in two layers and the conductors of each phase are connected in
series. If the speed of the alternator is 375 r.p.m., calculate the e.m.f. inducted per phase. Result-
ant flux in the air-gap is 5 x 10" % webers per pole sinusoidally distributed. Assume the coil span
as 150°electrical.

(Elect. Machine, Nagpur Univ. 1993)



Alternators 1417

Solution. For sinusoidal flux distribution, k= 1.11; o = (180° = 150°) = 30° (elect)

k. = cos 30°/2 =0.966*
No. of slots / pole, n = 144/16=9;

B = 180°/9=20°
m = No. of slots/pole/phase = 144/16 x 3 =3

_sinm B2 sin3x20°12_ g6 r_ 16 375/120 = 50 Hz

msin3/2  3sin 20°/2
No. of slots / phase = 144/3 = 48; No of conductors / slot = 4

.. No. of conductors in series/phase = 48 x 4 =192

d

turns / phase = conductors per phase/2 = 192/2 = 96
E,, =4 kik k,fOT
=4x1.11 x 0.966 x 0.96 x 50 x 5 x 107 x 96 = 988 V

Example 37.9. 4 10-pole, 50-Hz, 600 r.p.m. alternator has flux density distribution given by the
following expression

B=sin0 + 0.4 sin 30 + 0.2 sin 56

The alternator has 180 slots wound with 2-layer 3-turn coils having a span of 15 slots. The

coils are connected in 60° groups. If armature diameter is = 1.2 m and core length = 0.4 m,
calculate

(i) the expression for instantaneous e.m.f. / conductor
(i) the expression for instantaneous e.m.f./coil
(iii)  the r.m.s. phase and line voltages, if the machine is star-connected.

Solution. For finding voltage/conductor, we may either use the relation B/v or use the relation of
Art. 35-13.

Area of pole pitch = (1.27/10) x 0.4=0.1508 m*

Fundamental flux/pole, ¢, = av. flux density x area=0.637x 1 x 0.1508 =0.096 Wb
(a) RMS value of fundamental voltage perconductor,

= 1.1 x 2/, = 1.1 x 2 x 50 x 0.096 = 10.56 V

Peak value = J2x10.56=14.93V
Since harmonic conductor voltages are in proportion to their flux densities,
3rd harmonic voltage =04x1493=597V
Sthharmonic voltage =02x1493=298V

Hence, equation of the instantaneous e.m.f./conductor is
e =14.93 sin 0 + 5.97 sin 3 0 + 2.98 sin 56

(b) Obviously, there are 6 conductors in a 3-turn coil. Using the values of &, found in solved Ex.
37.5, weget

fundamental coil voltage = 6x14.93x0.966=86.5V
3rd harmoniccoil voltage =6x597x0.707=253V
Sth harmoniccoil voltage =6x298x0.259=4.63V

Since they are not of much interest, the relative phase angles of the voltages have not been included in the
expression.



1418 Electrical Technology

Hence, coil voltage expression is*
e =86.5 sin 0 + 25.3 sin 30 + 4.63 sin 50
_sin6x10°/2

_ — 1200118 = 10°- =0.956
(¢) Here, m = 6, =180°18=10°; kg 6 sin 10°/ 2
_ 8in3x6x10°/2 _sinS5x6x10°/2
k= gsin3xi002 =00 has = G sin s x 1002~ 017
Itshould be noted that number of coils per phase = 180/3 =60

Fundamental phase e m.£=(86.5/ /3 x 60x 0.956 =3510V
3rd harmonic phase e.m.f=(25.3/ J3) % 60% 0.644 691V
X X U. =

5th harmonic phase e.m.f.= (4.63/ 2/) x 60 x 0.197 =39V
RMS value of phase voltage= (3510% + 691% + 39%)'*  =3577V
RMS value of line voltage = Nl (35107 +39%)'? =6080 V

Example 37.10. A4 4-pole, 3-phase, 50-Hz, star-connected alternator has 60 slots, with
4 conductors per slot. Coils are short-pitched by 3 slots. If the phase spread is 60°, find the line
voltage induced for a flux per pole of 0.943 Wb distributed sinusoidally in space. All the turns per

phase are in series. (Electrical Machinery, Mysore Univ. 1987)
Solution. Asexplainedin Art. 37.12, phase spread =mf} =60° —given
Now, m = 60/4x3=5 .. 58=60°f3=12°

_sin5x12°/2

k . 20‘957;0(,:(3 /15)X18002360;k =cos 18°=0.95
d 5sin12°/2 ¢
Z=60x4/3=80; T=280/2=40; ®=0.943 Wb; kf: 1.11
Eph=4 x 1.11 x 0.95 x 0.975 x 50 x 0.943 x 40 =7613 V

E, = 3 x7613=13,185V

Example 37.11. 4 4-pole, 50-Hz, star-connected alternator has 15 slots per pole and eachslot
has 10 conductors. All the conductors of each phase are connected in series' the winding factor
being 0.95. When running on no-load for a certain flux per pole, the terminal e.m.f. was 1825 volt.
If the windings are lap-connected as in a d.c. machine, what would be the e.m.f. between the brushes
for the same speed and the same flux/pole. Assume sinusoidal distribution of flux.

Solution. Here k=1.11, k;=0.95, k.= 1 (assumed)
f = 50 Hz; e.m.f./phase= 1825/ /3 V
Total No. of slots = 15x4=60
No. of'slots/phase = 60/3 = 20; No. of turns/phase = 20 x 10/2 =100

1825/J§ =4x1.11x1x095x®dx50x100 .. ®=49.97 mWb

When connected as a d.c. generator

E,= (DPZN/60) x (P/A) volt

Z = 60 x 10 =600, N =120 P =120 x 50/4 = 1500 r.p.m.
49.97 x107 x 600 x 1500 4
E =
4 =
6 x =750V

*  Also k,=sin 150°/2 = sin 75° =0.966
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Example 37.12. An alternator on open-circuit generates 360 V at 60 Hz when the field current
is 3.6 A. Neglecting saturation, determine the open-circuit e.m.f. when the frequency is 40 Hz and
the field current is 2.4 A.

Solution. As seen from the e.m.f. equation of an alternator,

Eoxc®f .. i _®if
E, , 1,
Since saturation is neglected, @ oc /,where /;is the field current

ﬂ :]f1~f1 Or@=3.6x60;E= 160 V
B g E, 24x40 °
Example 37.13. Calculate the R.M.S. value of the induced e.m.f. per phase of a 10-pole, 3-
phase, 50-Hz alternator with 2 slots per pole per phase and 4 conductors per slot in two layers.
The coil span is 150°. The flux per pole has a fundamental component of 0.12 Wb and a 20% third
component. (Elect. Machines-III, Punjab Univ. 1991)
Solution. Fundamental E.M.F.
o= (180° - 150°) = 30°; k., = cos o/2 = cos 15°=0.966
m =2 ; No. of slots/pole = 6 ;  =180°/6 = 30°
:sint/Zzsin2><30°/2
msin3/2  2sin 30°/2
Z =10 x 2 x 4=80 ; turn/phase, 7= 80/2 = 40
.. Fundamental E.M.F./phase = 4.44 k_k;,f® T
E,=4.44x0.966 x 0.966 x 50 x 0.12 x 40 =995V

ky, = 0.966

Hormonic E.M.F.
K_y=cos 3 a/2=cos 3 x 30°/2 = cos 45° = 0.707

i /2 . .
ky = S mn where n is the order of the harmonic i.e. n =3
msinn /2

_ sin2x3x30°/2 _sin90°
kd3 = 2sin 3x30°/2 2 sin 45° :0707,f2—50><3—150HZ

@, =(1/3) x 20% of fundamental flux = (1/3) x 0.02 x 0.12 = 0.008 Wb
E;=4.44%x0.707 x 0.707 x 150 x 0.008 x 40 =106 V
Eperphase = \/EIZJFE}Z =\/9952+ 1062 _ 1000V

Note. Since phase e.m.fs. induced by the 3rd, 9th and 15th harmonics etc. are eliminated from the line
voltages, the line voltage for a Y-connection would be = 995 x V3 volt.

Example 37.14. A4 3-phase alternator has generated e.m.f. per phase of 230 V with 10 per cent
third harmonic and 6 per cent fifth harmonic content. Calculate the r.m.s. line voltage for (a) star
connection (b) delta-connection. Find also the circulating current in delta connection if the
reactance per phase of the machine at 50-Hz is 10 Q . (Elect. Machines-III, Osmania Univ. 1988)

Solution. It should be noted that in both star and delta-connections, the third harmonic compo-
nents of the three phases cancel out at the line terminals because they are co-phased. Hence, the line
e.m.f. is composed of the fundamental and the fifth harmonic only.

(a) Star-connection

E, = 230V Es=0.06x230=13.8V
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EMF/phase=[g2 | g2 — 30 +13.8 =2302%
R.M.S. value of line exm.f. = /3 x 230.2=3.99 V

(b) Delta-connection
Since for delta-connection, line e.m.f. is the same as the phase e.m.f.
R.M.S. value of line e.m.f. =230.2 V
In delta-connection, third harmonic components are additive round the mesh, hence a circulating cur-
rent is set up whose magnitude depends on the reactance per phase at the third harmonic frequency.
R.M.S. value of third harmonic e.m.f. perphase=0.1 x230=23V
Reactance at triple frequency = 10 x 3 =30 Q
Circulating current = 23/30 = 0.77 A

Example 37.15 (a). A motor generator set used for providing variable frequency a.c. supply
consists of a three-phase, 10-pole synchronous motor and a 24-pole, three- phase synchronous
generator. The motor-generator set is fed from a 25 Hz, three-phase a.c. supply. A 6-pole, three-
phase induction motor is electrically connected to the terminals of the synchronous generator ana
runs at a slip of 5%. Determine :

@) the frequency of the generated voltage of the synchronous generator.

@) the speed at which the induction motor is running. (U.P. Technical University 2001)

Solution. Speed of synchronous motor = (120 x 25)/10 = 300 rpm.

(7) At 300 rpm, frequency of the voltage generated by 24-pole synchronous generator

_ 24 x 300 — 60 Hz
120
Synchronous speed of the 6-pole induction motor fed from a 60 Hz supply
120 x 60
= T =1200 pm

(i) With5 % slip, the speed of this induction motor=0.95 x 1200= 1140 rpm.
Further, the frequency of the rotor-currents =s f=0.05 x 60 =3 Hz.
Example 37.15 (b). Find the no load line voltage of a star connected 4-pole alternator from the
following :
Flux per pole = (.12 Weber, Slots per pole per phase =4
Conductors/ slot = 4, Two layer winding, with coil span =150°
[Bharthithasan University, April 1997]

Solution. Total number of slots = 4 x 3 x4 =48, Slot pitch = 15° electrical
Total numberof conductors = 48 x 4 =192, Total number of turns = 96
No. ofturns in series per phase =32

For a 60° phase spread,
sin (60°/2)
k= Fxsin7s —0.958
For 150° coil-span, pitch factor kp = cos 15°=0.966, and for 50 Hz frequency,
E,,=4.44 x50 x 0.12 x 0.958 x 0.966 x 32 =789 volts
Eye =789 x 1.732 = 1366.6 volts
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10.

11.

12.

13.

Tutorial Problems 37.1

Find the no-load phase and line voltage of a star-connected, 4-pole alternator having flux per pole of 0.1
Wb sinusoidally distributed; 4 slots per pole per phase, 4 conductors per slot, double-layer winding
with a coil span of 150°.

[Assuming f =50 Hz; 789 V; 1366 V| (Elect. Technology-1, Bombay Univ. 1978)
A 3-¢, 10-pole, Y-connected alternator runs at 600 r.p.m. It has 120 stator slots with 8 conductors per
slot and the conductors of each phase are connected in series. Determine the phase and line e.m.fs. if the
flux per pole is 56 mWb. Assume full-pitch coils.

[1910 V; 3300 V]| (Electrical Technology-11, Madras Univ. April 1977)

Calculate the speed and open-circuit line and phase voltages of a 4-pole, 3-phase, 50-Hz, star-connected
alternator with 36 slots and 30 conductors per slot. The flux per pole is 0.0496 Wb and is sinusoidally
distributed. [1500 r.p.m.; 3,300 V; 1,905 V| (Elect. Engg-1I, Bombay Univ. 1979)
A 4-pole, 3-phase, star-connected alternator armature has 12 slots with 24 conductors per slot and the
flux per pole is 0.1 Wb sinusoidally distributed.
Calculate the line e.m.f. generated at 50 Hz. [1850 V]
A 3-phase, 16-pole alternator has a star-connected winding with 144 slots and 10 conductors perslot.
The flux per pole is 30 mWb sinusoidally distributed. Find the frequency, the phase and line voltage if
the speed is 375 rpm. [50 Hz; 1530 V; 2650 V| (Electrical Machines-1, Indore Univ. April 1977)
A synchronous generator has 9 slots per pole. If each coil spans 8 slot pitches, what is the value of the
pitch factor ? [0.985] (Elect. Machines, A.M.L.E. Sec. B.1989)
A 3-phase, Y-connected, 2-pole alternator runs at 3,600 r.p.m. If there are 500 conductors per phase in
series on the armature winding and the sinusoidal flux per pole is 0.1 Wb, calculate the magnitude and
frequency of the generated voltage from first principles. [60 Hz; 11.5kV]
One phase of a 3-phase alternator consists of twelve coils in series. Each coil has an r.m.s. voltage of
10 V induced in it and the coils are arranged in slots so that there is a successive phase displacement of
10 electrical degrees between the e.m.f. in each coil and the next. Find graphically or by calculation, the
r.m.s. value of the total phase voltage developed by the winding. If the alternator has six pole and is
driven at 100 r.p.m., calculate the frequency of the e.m.f. generated. [ 108 V; 50 Hz]
A 4-pole, 50-Hz, 3-phase, Y-connected alternator has a single-layer, full-pitch winding with 21 slots
per pole and two conductors per slot. The fundamental flux is 0.6 Wb and air-gap flux contains a third
harmonic of 5% amplitude. Find the r.m.s. values of the phase e.m.f. due to the fundamental and the
3rd harmonic flux and the total induced e.m.f.
[3,550 V; 119.5 V; 3,553 V] (Elect. Machines-111, Osmania Univ. 1977)
A 3-phase, 10-pole alternator has 90 slots, each containing 12 conductors. Ifthe speed is 600 r.p.m. and
the flux per pole is 0.1 Wb, calculate the line e.m.f. when the phases are (i) star connected (i7) delta
connected. Assume the winding factor to be 0.96 and the flux sinusoidally distributed.
[() 6.93 kV (ii) 4 kV]| (Elect. Engg-11, Kerala Univ. 1979)
A star-connected 3-phase, 6-pole synchronous generator has a stator with 90 slots and 8 conductors per
slot. The rotor revolves at 1000 r.p.m. The flux per pole is 4 x 107 weber. Calculate the e.m.f.
generated, if all the conductors in each phase are in series. Assume sinusoidal flux distribution and full-
pitched coils. [Eph = 1,066 V] (Elect. Machines, A.M.I.E. Summer, 1979)
A six-pole machine has an armature of 90 slots and 8 conductors per slot and revolves at 1000 r.p.m. the
flux per pole being 50 milli weber. Calculate the e.m.f. generated as a three-phase star-connected ma-
chine if the winding factor is 0.96 and all the conductors in each phase are in series.
[1280 V] (Elect. Machines, AMIE, Sec. B, (E-3), Summer 1992)

A 3-phase, 16 pole alternator has a star connected winding with 144 slots and 10 conductors per slot.
The flux/pole is 0.04 wb (sinusoidal) and the speed is 375 rpm. Find the frequency and phase and line
e.m.f. The total turns/phase may be assumed to series connected.

[50 Hz, 2035 Hz, 3525 V] (Rajiv Gandhi Technical University, Bhopal, 2000
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Factors Affecting Alternator Size

The efficiency of an alternator always increases as its power increases. For example, if an alternator of
1 kW has an efficiency of 50%, then one of 10 MW will inevitably have an efficiency of about 90%. Itis
because of this improvement in efficiency
with size that alternators of 1000 MW and
above possess efficiencies of the order of
99%.

Another advantage of large machines
is that power output per kilogram increases
as the alternator power increases. If 1 kW
alternator weighs 20 kg (i.e. 50 W/kg), then
10MW alternator weighing 20,000 kg yields
500 W/kg. Inother words, larger alterna-
tors weigh relatively less than smaller ones
and are, consequently, cheaper.

However, as alternator size increases, Light weight alternator
cooling problem becomes more serious.
Since large machines inherently produce high power loss per unit surface area (W/m?), they tend to overheat.
To keep the temperature rise within
acceptable limits, we have to design efficient
cooling system which becomes ever more
elaborate as the power increases. For
cooling alternators of rating upto 50 MW,
circulating cold-air system is adequate but
for those of rating between 50 and 300
MW, we have to resort to hydrogen cooling.
Verybig machines in 1000 MW range have
to be equipped with hollow water-cooled
conductors. Ultimately, a point is reached
where increased cost of cooling exceeds the
saving made elsewhere and this fixes the
upper limit of the alternator size.

So for as the speed is concerned, low-speed
alternators are always bigger than high
speed alternators of the same power.
Bigness always simplifies the cooling

Large weight alternator problem. For example, the large200-rpm,

500-MVA alternators installed in a typical

hydropower plant are air-cooled whereas much smaller 1800-r.p.m., 500-MVA alternators installed ina
steam plant are hydrogen cooled.

Alternator on Load
As the load on an alternator is varied, its terminal voltage is also found to vary as in d.c. generators.
This variation in terminal voltage ¥ is due to the following reasons:
L voltage drop due to armature resistance R,
2 voltage drop due to armature leakage reactance X,
3. voltage drop due to armature reaction
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(a) Armature Resistance

The armature resistance/phase R, causes a voltage drop/phase of /R, which is in phase withthe
armature current /. However, this voltage drop is practically negligible.

(b) Armature Leakage Reactance

When current flows through the armature conductors, fluxes are set up which do not cross the air-gap,
but take different paths. Such fluxes are known as leakage fluxes. Various types of leakage fluxes are
shown in Fig. 37.22.

; Leakage Flux
N Stator Conductor

(e :

.

57 AvAy

Fig. 37.22 Fig. 37.23

The leakage flux is practically independent of saturation, but is dependent on / and its phase
angle with terminal voltage V. This leakage flux setsup an e.m.f. of self-inductance which is known as
reactance e.m.f. and which is ahead of 7 by 90°. Hence, armature winding is assumed to possess
leakage reactance X; (also known as Potier rectance X;) such that voltage drop due to this equals LX;.
A part of the generated e.m.f. is used up in overcoming this reactancee.m.f.

o E=V+IR+jX,)

This fact is illustrated in the vector diagram of Fig. 37.23.

(¢) Armature Reaction

Asind.c. generators, armature reaction is the effect of armature flux on the main field flux. In the
case of alternators, the power factor of the load has a considerable effect on the armature reaction.
We will consider three cases : (/) when load of p.f. is unity (i{) when p.f. is zero lagging and
(iii) when p.f. is zero leading.

Before discussing this, it should be noted that in a 3-phase machine the combined ampere-turn
wave (or m.m.f. wave) is sinusoidal which moves synchronously. This amp-turn or m.m.f. wave is fixed
relative to the poles, its amplitude is proportional to the load current, but its position depends on the
p.f. of the load.

Consider a 3-phase, 2-pole alternator having a single-layer winding, as shown in Fig. 37.24 (a).
For the sake of simplicity, assume that winding of each phase is concentrated (instead of being
distributed) and that the number of turns per phase is N. Further suppose that the alternator is loaded
with a resistive load of unity power factor, so that phase currents /,, /, and /, are in phase with their
respective phase voltages. Maximum current /, will flow when the poles are in position shown in Fig.
37.24 (a) or ata time ¢, in Fig. 37.24 (c¢). When /, has a maximum value, /; and /, have one-half their
maximum values (the arrows attached to /,,, I, and /. are only polarity marks and are not meant to give
the instantaneous directions of these currents at time ¢;). The instantaneous directions of currents
are shown in Fig. 37.24 (a). Atthe instant ¢,, /, flows in conductor o whereas 7, and /, flow out.
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As seen from Fig. 37.24 (d), the m.m.f. (= NI,)) produced by phase a-afs horizontal, whereas that
produced by other two phases is (/,,/2) N each at 60° to the horizontal. The total armature m.m.f. is
equal to the vector sum of these three m.m.fs.

3o

\ /
Vs
\"
1.5 NI,

(d)

Fig. 37.24

ff\}b

.
]b

>—”JW Wh—

Vg,

-

I

15NI,

{e)

- Armature m.m.f. = NI, + 2.(1/2 NI,,) cos 60° = 1.5 NI,,

Asseen, at this instant ¢, the m.m.f. of the main field is upwards and the armature m.m.{. is behind

it by 90 electrical degrees.

Next, let us investigate the armature m.m.f. at instant #,. At this instant, the poles are in the
horizontal position. Also/,=0, but/, and/_ are each equal to 0.866 of their maximum values. Since /,
has not changed in direction during the interval ¢, to ¢,, the direction of its m.m.f. vector remains
unchanged. But /, has changed direction, hence, its m.m.f. vector will now be in the position shown

Yy y-—

G}

$1SN,
)

Y

inFig. 37.24 (d). Total armature m.m.f. is again the vector sum of these two m.m.fs.
. Armature m.m.f. =2 x (0.866 NI,,) x cos 30°=1.5 NI,,.
If further investigations are made, it will be found that.
1. armature m.m.f. remains constant with time
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2. itis 90 space degrees behind the main field m.m.f., so that it is only distortional in nature.

3. itrotates synchronously round the armature i.e. stator.

For alagging load of zero power factor, all currents would be delayed in time 90° and armature m.m.f.
would be shifted 90° with respect to the poles as shown in Fig. 37.24 (e). Obviously, armature m.m.f.
would demagnetise the poles and cause a reduction in the induced e.m.f. and hence the terminal voltage.

For leading loads of zero power factor, the armature m.m.f. is advanced 90° with respect to the
position shownin Fig. 37.24 (d). Asshownin Fig. 37.24 (f), the armature m.m.f{. strengthens the main
m.m.f. In this case, armature reaction is wholly magnetising and causes an increase in the terminal voltage.

The above facts have been summarized briefly
in the following paragraphs where the matter is
discussedin terms of *flux’ rather than m.m.f. waves. Main F 1UX7 Arma wre—,

1.  Unity PowerFactor R Flux 55

In this case [Fig. 37.25 (a)] the armature flux - /( g )
is cross-magnetising. The result is that the flux at . 7N Wﬁ D U[?II_I\
the leading tips of the poles is reduced while it is -« %, o
increased at the trailing tips. However, these two =
effects nearly offset each other leaving the average i
field strength constant. In other words, armature /

reaction for unity p.f. is distortional. (b) W/ N’% p W/ s”% Zero P
it ..

. Lagging
2. ZeroPF. l.aggmg N L \_,_,/—>
As seen from Fig. 37.25 (b), here the arma- S
ture flux (whose wave has moved backward by S
90°)is in direct opposition to the main flux. /

Hence, the main flux is decreased. Therefore,
it is found that armature reaction, in this case, is
wholly demagnetising, with the result, that due ~—

W, f W// Zero P.F.
~ \/ 8 / Lading
— —>

to weakening of the main flux, less e.m.f. is \ o
generated. Tokeep the value of generated e.m.f. // - b
the same, field excitation will have to be increased () W Z S 0.7 PF.
to compensate for this weakening. AN . / _, Lag
3. Zero P.F. leading T
In this case, shown in Fig. 37.25 (¢) armature Fig. 37.25

flux wave has moved forward by 90° so that itis in
phase with the main flux wave. This results in added main flux. Hence, in this case, armature reaction is
wholly magnetising, which results in greater induced e.m.f. Tokeep the value of generated e.m.f. the same,
field excitation will have to be reduced somewhat.

4. For intermediate power factor [Fig. 37.25 (d)], the effect is partly distortional and partly
demagnetising (because p.f. is lagging).

Synchronous Reactance
From the above discussion, it is clear that for the same field excitation, terminal voltage is
decreased from its no-load value £, to V' (for a lagging power factor). This is because of
L drop due to armature resistance, /R,
2 dropdueto leakage reactance, X}
3. drop due to armature reaction.
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The drop in voltage due to armature reaction
may be accounted for by assumiung the presence of
a fictitious reactance X, in the armature winding. The

value of X, is such that ZX, represents the voltage
drop due to armature reaction.

The leakage reactance X, (or X,) and the
armature reactance X, may be combined to give
synchronous reactance X.

Hence X=X, + X *

Therefore, total voltage drop in an alternator Fig. 37.26
under load is = IR, + jIX¢= I(R, + jXg) = IZg¢ where Zg is known as synchronous impedance of the

armature, the word ‘synchronous’ being used merely as an indication that it refers to the working
conditions.

Hence, we learn that the vector difference between no-load voltage £, and terminal voltage V'is equal
to [Zg, as shown in Fig. 37.26.

Vector Diagrams of a Loaded Alternator

Before discussing the diagrams, following symbols should be clearly kept in mind.

E,=No-load e.m.f. This being the voltage induced in armature in the absence of three factors
discussed in Art. 37.16. Hence, it represents the maximum value of the induced e.m.f.

E = Load induced e.m.f. It is the induced e.m.f. after allowing for armature reaction. E is
vectorially less than £, by LX,. Sometimes, it is written as £, (Ex. 37.16).

(h) ()

Fig. 37.27
V' = Terminal voltage, It is vectorially less than E by IZor it is vectorially less than £ by I, where

Z = (Ri +X QL) . It may also be written as Z,.

I = armature current/phase and ¢ = load p.f. angle.

In Fig. 37.27 (@) is shown the case for unity p.f., in Fig. 37.27 (b) for lagging p.f. and in Fig. 37.27 (¢)
for leading p.f. All these diagrams apply to one phase of a 3-phase machine. Diagrams for the other phases
can also be drawn similary.

Example 37.16. 4 3-phase, star-connected alternator supplies a load of 10 MW at p.f- 0.85
lagging and at 11 kV (terminal voltage). Its resistance is 0.1 ohm per phase and synchronous
reactance (.66 ohm per phase. Calculate the line value of e.m.f. generated.

(Electrical Technology, Aligarh Muslim Univ. 1988)

*  The ohmic value of X varies with the p.f. of the load because armature reaction depends on load p.f.
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Solution. F.L.outputcurrent = IOX—IO() =618 4
/3 11,000 x 0.85
IR, drop =618 x 0.1 =61.8 V
IXg¢drop =618 x 0.66 =408 V
Terminal voltage/phase = 11, 0003 = 6,350 V

¢ =cos™ '(0.85)=131.8% sin ¢ =0.527

As seen from the vector diagram of Fig. 37.28 where / instead
of V'has been taken along reference vector,

Ey= \/(Vcos O+ IR )+ (Vsin ¢ + IX )’

= \/(6350 x 0.85 + 61.8)7 + (6350 x 0.527 + 408)*
=6,625V
3 x 6,625 = 11,486 volt Fig. 37.28
P.F. Leading

Line e.m.f.

Voltage Regula tion

Itis clear that with change in load, there isa change
in terminal voltage of an alternator. The magnitude of
this change depends not only on the load but also
on the load power factor.

Terminal Volts

The voltage regulation of an alternator is defined
as “the rise in voltage when full-load is removed (field
excitation and speed remaining the same) divided by

therated terminal voltage.”
E— Load Current

.. Y% regulation ‘up’ = OTX 100 Fig. 37.29

Note. (i) E,— V is the arithmetical difference and not the vectorial one.

@) Inthecaseof/eadingloadp.f.,terminal voltage will fall on removing the full-load. Hence, regulation is
negative in thatcase.

@) The rise in voltage when full-load is thrown off is not the same as the fall in voltage when full-load is
applied.

Voltage characteristics of an alternator are shown in Fig. 37.29.

Determination of Voltage Regula tion

In the case of small machines, the regulation may be found by direct loading. The procedure is as
follows :

The alternator is driven at synchronous speed and the terminal voltage is adjusted to its rated
value V. The load is varied until the wattmeter and ammeter (connected for the purpose) indicate the
rated values at desired p.f. Then the entire load is thrown off while the speed and field excitation are
kept constant. The open-circuit or no-load voltage £, is read. Hence, regulation can be found from
BV 100

V

In the case of large machines, the cost of finding the regulation by direct loading becomes
prohibitive. Hence, other indirect methods are used as discussed below. It will be found that all these
methods differ chiefly in the way the no-load voltage E, is found in eachcase.

% regn =
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1. Synchronous Impedance or E.M.F. Method. 1tis due to Behn Eschenberg.

2 The Ampere-turn or M.M.F. Method. This method is due to Rothert.

3. Zero Power Factor or Potier Method. As the name indicates, it is due to Potier.

All these methods require—

1. Armature (or stator) resistance R,

2. Open-circuit/No-load characteristic.

3. Short-circuit characteristic (but zero power factor lagging characteristic for Potier method).

Now, let us take up each of these methods one by one.

@i Value of Ra

Armature resistance R, per phase can be measured directly by voltmeter and ammeter method or by
using Wheatstone bridge. However, under working conditions, the effective value of R, is
increased due to ‘skin effect’*. The value of R, so obtained is increased by 60% or so to allow for this
effect. Generally, a value 1.6 times the d.c. value is taken.

) O.C. Characteristic

As in d.c. machines, this is plotted by running the machine on no-load and by noting the values
of induced voltage and field excitation current. It is just like the B-H curve.

@) S.C. Characteristic

It is obtained by short-circuiting the armature (i.e. stator) windings through a low-resistance
ammeter. The excitation is so adjusted as to give 1.5 to 2 times the value of full-load current. During
this test, the speed which is not necessarily synchronous, is kept constant.

Example 37.17 (a). The effective resistance of a 2200V, 50Hz, 440 KVA, 1-phase, alternator is

0.5 ohm. On short circuit, a field current of 40 A gives the full load current of 200 A. The electro-
motive force on open-circuits with same field excitation is 1160 V. Calculate the synchronous

impedance and reactance. (Madras University, 1997)
Solution. For the 1-ph alternator, since the field current is same for O.C. and S.C. conditions
7. = 1160 _ 5.8 ohms
S 200

5.87-0.5° =5.7784 ohms

X

Example 37.17 (b). A 60-KVA, 220V, 50-Hz, 1-$ alternator has effective armature resistance of
0.016 ohm and an armature leakage reactance of 0.07 ohm. Compute the voltage induced in the
armature when the alternator is delivering rated current at a load power factor of (a) unity (b) 0.7
lagging and (c) 0.7 leading. (Elect. Machines-I, Indore Univ. 1981)

Solution. Full load rated current / = 60,000/220 = 272.2 A
IR,=2722x0.016=43V;

IX; =272.2x0.07=19V
(@ Unity p.f. — Fig. 37.30 (a)

E = JU+mP+Uxyp =y220+43)7+19° =225V

*  The ‘skin effect’ may sometimes increase the effective resistance of armature conductors as high as 6 times
its d.c. value.
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0 » [

19V

(a) (h (c)
Fig. 37.30

(b) p.f. 0.7 (lag) —Fig. 37.30 (b)
E = [Vcosd+IR) +(Vsind+ 1)(L)2]“2

=[(220 x 0.7 + 4.3)* + (220 x 0.7 + 19)*]"* =234 V

(¢) pf.=0.7 (lead) —Fig. 37.30 (¢)
E = [(Vcos ¢+ IR + (Vsind —1)(L)2]”2

=[(220 x 0.7 + 4.3)* + (220 x 0.7 — 19)*]"* =208 V

Example 37.18 (a). In a 50-kVA, star-connected, 440-V, 3-phase, 50-Hz alternator, the effective
armature resistance is 0.25 ohm per phase. The synchronous reactance is 3.2 ohm per phase and
leakage reactance is 0.5 ohm per phase. Determine at rated load and unity power factor :

(a) Internal e.m.f. E, (b) no-load e.m.f. E, (¢) percentage regulation on full-load (d) value of

synchronous reactance which replaces armature reaction.
(Electrical Engg. Bombay Univ. 1987)

Solution. (a) Thee.m.f. E, is the vector sum of (i) termi-
nal voltage V' (ii) IR, and (iii) IX; as detailed in Art. 37.17.
Here,

V =440/ f3 =254V
F.L. output current at u.p.f. is
=50,000/ /3 x440=1656 A &<
Resistive drop = 65.6 x 0.25=16.4 V
Leakage reactance drop X, = 65.6 x 0.5=32.8 V

E,= \/(V+1Ra)2+(IXL) :

= (254 + 16.4)* + 32.8? =272 volt

Line value V3 x 272 = 471 volt.
() Theno-loade.m.f. Eis the vector sum of (i) V' (ii) IR, and (iii) LXor is the vector sum of /" and
1Z¢ (Fig. 37.31).

Eo = J/+IR) + (X} =254+ 16.4)* + (65.6 x 3.2)* = 342 volt

Line value = 3 x 342 =592 volt
Ey-V —
(© %age regulation ‘up’ = P07V 100 =312B g0 = 34.65 per cent
v 254
1)) X, = Xg—X,=32-05=270Q Art.37.17

Example 37.18 (b). 4 1000 kVA, 3300-V, 3-phase, star-connected alternator deliversfull-load
current at rated voltage at 0.80 p. f. Lagging. The resistance and synchronous reactance of the
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machine per phase are 0.5 ohm and 5 ohms respectively. Estimate the terminal voltage for the same

excitation and same load current at 0.80 p. f. leading. (Amravati University, 1999)
3300
Solution. Vor = —V@= 1905 volts
1000 x 1000
Atrated load, I, =R TS amp

P 3% 3300
From phasor diagram for this case [Fig. 37.32 (a)]
Component of E along Ref =0D =04+ ABcos ¢ + BCsin ¢
=1905 + ( 87.5 x 0.80) + (875 x 0.60) = 2500
Component of E along perpendicular direction
=CD=—-A4Bsin ¢ + BCcos ¢
=87.5x 0.6+ 875 x 0.80 = 647.5 volts

_ E_- (C :
() I
i A
o
L L »Ref

DA B F

xC
X

B

)
Y&t —Pe = = = = > Ref
¢ Q\O‘ Vo AN D

B

ha
&
/i
f

(a) Phasor diagram at lagging P.f. (b) Phasor diagram for leading P.F.
Fig. 37.32
04 = 1950, 4B =1.= 815, pC = [X,= 875
OC = E=\J0D*+DC? =\[2500° + 647.5* = 2582.5 volts
5 = sin’ D _ Gip! (647.5 /2582.5) = 14.52°
! ocC
Now, for E kept constant, and the alternator delivering rated current at 0.80 leading p.f., the phasor
diagram is to be drawn to evaluate V.
Construction of the phasor diagram starts with marking the reference. Take a point 4 which is the
terminating point of phasor 7 which starts from O. O is the point yet to be marked, for which the other
phasors have to be drawn.

AB = 87.5,BC=2875
BAF =36.8°

BC perpendicular to AB. From C, draw an arc of length £, i.e. 2582.5 volts to locate O.

Note. Construction of Phasor diagram starts from known 4E, V is to be found.

Along the direction of the current, 4B = 87.5, £ BAF = 36.8°, since the current is leading.
BC=875 which must be perpendicular to 4B. Having located C, draw a line CD which is perpendicular
to the reference, with point D, on it, asshown.

Either proceed graphically drawing to scale or calculate geometrically :

CD = ABsin¢+BCcos ¢ =(87.5x0.60)+(875x0.80)="752.5 volts

Since CD = Esin §,,sin 8,="752.5/2582.5 giving 6,=17°
OD =E cos & = 2470 volts
DA = DB'AB'

=BCsin ¢ — AB cos ¢ — 875 x 0.6 — 87.5 x 0.8 =455 volts
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Terminalvoltage, V' =0A4 = OD + DA = 2470 + 455 = 2925 volts/phase
Since the alternator is star connected, line voltagé3 x 2925 = 5066 volts

Check : While delivering lagging p.f. current,

Total power delivered= (100 kVA) x 0.80 = 800 kW

In terms of E and §, referring to the impedance-triangle in Fig. 37.32 (c)
total powerdeliverquE 2

_ 3|Z—cos (60— 81)— 4 cosew| fi
57 . ]
_ 5[1905x2582.5 (84.3° — 14.52°) —1905° x cos 84.3°
1 5005 [ Z X
= 800kW ...checked
04 = 05, AB=5 R
OB= 05> +5=5.0250Q v 4
0=/ BOA=tan" (X/R)=tan™' 10=84.3° Fig. 37.32 (c) Impedance

. . . . . triangle for the Alternator
While delivering leading p.f. current the terminal voltage is 5.066 kV

lineto line.
Total power delivered in terms of ¥ and /
= /3x5.066x175% 0.8 kW =1228.4 kW
In terms of £ and with voltages expressed in volts,

total powerou’tput3 FE c08 (6 5)— y2 cos ] 10 kW
 [Sesxoss28 75 e,Lx 29257 1
37/ cos%84.3 -17°) - x cos 84.3 .
F|L29255x'0225582 5 29;55%?925 | ] o
=3 T T xcos(67.3°) -7 cos84.3° kW

4 5005 5.025 I

= 3(580.11-169.10)= 1233 kW, which agrees fairly closely to the previous figure
and hence checks our answer.

Synchronous Im pedanc e Method

Following procedural steps are involved in this method:

1. O.C.Cisplotted from the given data as shown in Fig. 37.33 (a).

2 Similarly, S.C.C. is drawn from the data given by the short-circuit test. It is a straight line
passing through the origin. Both these curves are drawn on a common field-currentbase.

Consider a field current I The O.C. voltage corresponding to this field current is £;. When
winding is short-circuited, the terminal voltage is zero. Hence, it may be assumed that the whole of
this voltage E| is being used to circulate the armature short-circuit current /; against the synchronous
impedance Zj.

E| (open-circuit)

E\=1Zs s~ I, (short-circuit)

3. Since R, can be found as discussed earlier, Xg= ,/(Z; — R?)
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4 Knowing R, and X, vector diagram as shown in Fig. 37.33 (b) can be drawn for any load and any
power factor.

4 D
E, / T = . —f
o Z, 7
- (@} _: o IXc
3| < =l o |
= Z 4 E = q | C
5 e =R E T
> Xk Y q _
% CC‘ )\ = V Sin ¢
S =
I = 7\ S i
Field-Current /, |< V Cos ¢ >| B
(or Amp-Turns)
Fig. 37.33 (a) Fig. 37.33 (b)
Here OD = E, ..Ey= /(OB*+BDY
or Ey= \/[(Vcos O+ IR ) + (Vsin ¢+ IX )],
E,~V
% regn. ‘up’ = % x 100

Note. (i) Value of regulation for unity power factor or leading p.f. can also be found in a similar way.

(i) This method is not accurate because the value of Zg so found is always more than its value under normal
voltage conditions and saturation. Hence, the value of regulation so obtained is always more than that found from
an actual test. That is why it is called pessimistic method. The value of Zg is not constant but varies with
saturation. Atlow saturation, its value is larger because then the effect of a given armature ampere-turns is much
more than at high saturation. Now, under short-circuit conditions, saturation is very low, because armature
m.m.f. is directly demagnetising. Different values of Zgcorresponding to different values of field current are also
plotted in Fig. 37.33 (a).

@iii) The value of Zq usually taken is that obtained from full-load current in the short-circuit test.

(iv) Here, armature reactance X, has not been treated separately but along with leakage reactance .X;.

Example 37.19. Find the synchronous impedance and reactance of an alternator in which a
given field current produces an armature current of 200 A on short-circuit and a generated e.m.f. of
50 V on open-circuit. The armature resistance is 0.1 ohm. To what induced voltage must the
alternator be excited if it is to deliver a load of 100 A at a p.f. of 0.8 lagging, with a terminal voltage
of 200V. (Elect. Machinery, Banglore Univ. 1991)

Solution. It will be assumed that alternator is a single phase
one. Now, for same field current,

_O.C.volts _ 50 _ 0.2

Z .
S.C.current 200

N

5Q.

= 2 2 _ 2 2 20. .
Xy = Jz2-R” =025 -01> =0230

Now, [R,=100x0.1=10V,IX3=100x0.23=23V;
cos ¢ =0.8, sin ¢ = 0.6. As seen from Fig. 37.34.

Fig. 37.34
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Ey= \/(Vcos O+ IR ) + (Vsin ¢ + IX )
=[(200 x 0.8 + 10)* + (200 x 0.6 + 23)*]"? =222V
Example 37.20. From the following test results, determine the voltage regulation of a 2000-V,
1-phase alternator delivering a current of 100 A at (i) unity p.f. (ii) 0.8 leading p.f. and (iii) 0.71
lagging p.f.
Test results : Full-load current of 100 A is produced on short-circuit by a field excitation of 2.5A.
An e.m.f- of 500 V is produced on open-circuit by the same excitation. The armature resistance is

0.8Q. (Elect. Engg.-11, M.S. Univ. 1987)
Solution. Zg —O.C. volts. —for same excitation
S.C. current
forsame excitation
=500/100=5Q

Xs = 27 -R =\5"- 08 =4.9360

O\ »1

494V

Q)Q

80 Vi
/7,000\1 .
N~ i

V=2000 V 0 ’

(a) ® 8OV ©
Fig. 37.35

@ Unity p.f. (Fig. 37.35(@)]
IR,=100 x 0.8 =80 V; IX;=100 x 4.936 =494 V

Ey= J(zooo +80)* + 494> =2140 V
%regn = 2120=2000 165 _ 70,
2000
(ii) p.f. = 0.8 (lead) [Fig. 37.35 ()]
E[(2000 x 0.8 + 80)” + (2000 x 0.6 — 494)°]"* = 1820 V
1820 —2000

2000

% regn = 100 =-9%
(iii) p.f. = 0.71(lag) [Fig.37.35 (b)]
E[(2000 x 0.71 + 80)” + (2000 x 0.71 + 494)°]"* = 2432 V
% regn = 24322000 160 _ 51 60
2000

Example 37.21. 4 100-kVA, 3000-V, 50-Hz 3-phase star-connected alternator has effective
armature resistance of 0.2 ohm. The field current of 40 A produces short-circuit current of 200 A and
an open-circuit emf of 1040 V (line value). Calculate the full-load voltage regulation at 0.8 p.f-
lagging and 0.8 p.f. leading. Draw phasor diagrams.

(Basic Elect. Machines, Nagpur Univ. 1993)
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Solution. Zs = OC. voltage/phase — for same excitation
S.C. current/phase
_ 10403 _
200
Xy = (z2-R =302
=2990
F.L. current, SN >
1=100,000/ /3 x 3000 z = P _
=192A & S 4 <l
: PN 5 T =
IR,=19.2x0.2=3.84V $0 2 >
IXg=19.2x2.99=57.4V N o
Voltage/phase ) ~ 3.84V
e 3.84V :.(IRa)
=3000/ 3/= 1730V @ =(R) ®)

cos ¢ =0.8; sin ¢ =0.6
@ p.f.=0.8lagging
—Fig. 37.36 (a)

Fig. 37.36

= [(Vcos ¢+ IR )* + (Vsin ¢+1XS)2]”2

= (1730 x 0.8 + 3.84)” + (1730 x 0.6 + 57.4)°]"* = 1768 V
(1768 — 1730)
1768 =1730) 00 = 2.2%
1730

0

% regn. ‘up’ =

@) 0.8 p.f. leading—Fig. 37.36 (b) , s
Ey=[(Vcoso+IR,) +(Vsind—1IX) ]
=[(1730 x 0.8 + 3.84)> + (1730 x 0.6 — 57.4)*]'"2
=1699V
1699 — 1730

% regn. = 1—730 x 100 =_-1.8%

Example 37.22. 4 3-phase, star-connected alternator is
rated at 1600 kVA, 13,500 V. The armature resistance and
synchronous reactance are 1.5 Q and 30 Q respectively per
phase. Calculate the percentage regulation for a load of 1280

kW at 0.8 leading power factor. ~
wv
(Advanced Elect. Machines AMIE Sec. B, 1991) &
Solution. 103V
1280,000 = +/3 x13,500 x I x 0.8; Fig. 37.37
I1=684A

IR,=68.4x 1.5=103 V ; [Xg= 68.4 x 30 = 2052
Voltage/phase = 13,500/ .3 =7795V
As seen from Fig. 37.37.
E, =[(7795 x 0.8 + 103)* + (7795 x 0.6 — 2052)]"* = 6663 V

% regn. = (6663 —7795)/7795
= —0.1411 or - 14.11%
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Example 37.23. A4 3-phase, 10-kVA, 400-V, 50-Hz, Y-connected alternator supplies the rated
load at 0.8 p.f- lag. If arm. resistance is 0.5 ohm and syn. reactance is 10 ohms, find the power
angle and voltage regulation. (Elect. Machines-I1 Nagpur Univ. 1993)

Solution. F.L. current, /= 10, 000/ \/§ x400=14.44
IR, = 144x05=72V

AC
IXg=144 x10=144V Z g’
3
Voltage/phase = 400 /3 = 231 V 90 yomT
(1) =cos ' 0.8 =36. 87° as shown in Fig, 37.38. _
=[(Veos ¢+ IR)* +(Vsin ¢ + IX) f o 72ViIEIR)
N
— (231x 08+ 7.7 + (231 x 0.6+ 14472 | b » .
=342V A B
%regn. = 32=231 160 =0.48 or 48% Fig. 37.38
231
The power angle of the machine is deﬁned as 3'5{16 aélgle }1)2 ween Vand E,i.e. angle &
As seen from Fig. 37.38, tan (¢ + 8) = 21 xDb+ 159 282.6 =1.4419;

OB 231x0.84+7.2 192
(b+3) = 55.26°
power angle 8 =155.26°—-36.87°=18.39°

Example 37.24. The following test results are obtained from a 3-phase, 6,000-kVA, 6,600 V,
star-connected, 2-pole, 50-Hz turbo-alternator:

With a field current of 125 A, the open-circuit voltage is 8,000 V at the rated speed; with the

same field current and rated speed, the short-circuit current is 800 A. At the rated full-load, the
resistance drop is 3 per cent. Find the regulation of the alternator on full-load and at a power

factor of 0.8 lagging. (Electrical Technology, Utkal Univ. 1987)
0.C. voltage/phase _ 8000 AB _
Solution. 2 S.C. current/phase 800 STTE
Voltage/phase =6,600 33,810 V
Resistive drop = 3%0f3,810V=0.03x3,810=114.3V
Full-load current = 6,000 x 10° /\/5 x 6,600 =7525 A

Now IR, = 1143V
: R,=114.3/525=0.218Q
JZ2 - R =477 - 0218 =574 Q (approx.)
As seen from the vector diagram of Fig. 37.33, (b)

E, = \/[3,810>< 0.8 +114.3)* + (3,810x 0.6 + 525 x 5.74)*] = 6,180 V

. regulation= (6,180 — 3,810) x 100/3,810 = 62.2%

Example 37.25. 4 3-phase 50-Hz star-connected 2000-kVA, 2300 V alternator gives a short-
circuit current of 600 A for a certain field excitation. With the same excitation, the open circuit
voltage was 900 V. The resistance between a pair of terminals was 0.12 Q. Find full-load regulation
at (i) UPF (ii) 0.8 p.f. lagging. (Elect. Machines, Nagpur Univ. 1993)

0.C. volts/phase _ 900 / 3/; 0.866 O
S.C. current/phase 600

Solution. Zg =
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Resistance between the terminals is 0.12 Q. It is the resistance of two phases connected in series.
.. Resistance/phase = 0.12/2 = 0.06 Q;
effective resistance/phase =0.06 x 1.5=0.09 Q;

Xg=4/0.866> — 0.09° =0.86 Q

F.L. I= 2000, 000 /+/3 x 2300 = 500 A

IR, =500 x 0.06=30V; . >
=500 x 0.86 =430V o5 - & g
rated voltage/phase < ° E N Lo
=2300/+/3 = 1328V .
() UPF. —Fig 3739 o), © 1328V/Phase 0VEIR) , "1 O SOVEIR)
=[(V cos ¢+1R) ) ik (@) (b)

Fig. 37.39
= \/(1328 +30)* +430% = 1425V

% regn. = (1425 — 1328)/1328 = 0.073 or 7.3%
(@) 0.8 p.f. lagging —Fig. 37 39 (b)
[(V cos ¢ +IR) H(Vsin ¢ + 1X) ke
=[(1328 x 0.8 + 30)* + (1328 x 0.6 + 430)*]"* = 1643 V
% regn. = (1643 — 1328)/1328 = 0.237 or 23.7%.

Example 37.26. A 2000-kVA, 11-kV, 3-phase, star-connected alternator has a resistance of
0.3 ohm and reactance of 5 ohm per phase. It delivers full-load current at 0.8 lagging power factor
at rated voltage. Compute the terminal voltage for the same excitation and load current at 0.8
power factor leading. (Elect. Machines, Nagpur Univ. 1993)

Solution. (i) At 0.8 p.f. lagging
FL.  1=2000,000/ /3 x11,000=105 A

Terminal voltage = 11,000/ /3 = 6350 V

=105x03=31.5V; 0
Xg=105x5=525V
As seen from Fig. 37. 40£a) Q§
E =[6350 x 0.8+ 31.5)" + S
(6350>< 0.6 +525)"]" = 6700 V

As seen from Fig. 37.40 (b), v~ 63
now, we are given E,= 6700 V o > 31.5V(=IR,)
. 31.5V I
and we are required to find the IR
terminal voltage V at 0.8 p.f. (@ “ (b)
leading. Fig. 37.40
6700% = (0.8V + 31.5)* + (0.6V — 525)%; V=6975 V

Example 37.27. The effective resistance of a 1200-kVA, 3.3-kV, 50-Hz, 3-phase, Y-connected
alternator is 0.25 Q/phase. A field current of 35 A produces a current of 200 A on short-circuit and
1.1 kV (line to line) on open circuit. Calculate the power angle and p.u. change in magnitude of the
terminal voltage when the full load of 1200 kVA at 0.8 p.f- (lag) is thrown off. Draw the corresponding
phasor diagram. (Elect. Machines, A.M.LE. Sec. B, 1993)

v

525V
= (Ix)

Q,Q// L
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0O.C. voltage
Solution. Z, = S.C.voltage —same excitation
1.1x10°/
:7‘/3 =3.175Q
200
Xs= 3175 - 025> =3.165Q
V=33x10"/3¢ 1905V N —3
— — — o ! 00, — ,’ ."l
tan O = X;/R,=3.165/0.25, 0 = 85.48 \* o [1xs
Z,=3.175 £85.48° — &
1.8 o 0= 85.48°
Rated [, =1200x 10"/ /3 x 3.3 x 10° 0= 7% v
=210 A A [” (73
Let, V'=1905 £ 0°,1,= 210 /-36.87°

As seen from Fig. 37.41, Fig. 37.41

E=V+1,Z=1905+210 £-36.87° x 3.175 £85.48° = 2400£12°

Power angle = = 12°

Per unit change in terminal voltage is

= (2400 — 1905)/1905 = 0.26

Example 37.28. 4 given 3-MVA, 50-Hz, 11-kV, 3-¢, Y-connected alternator when supplying 100
A at zero p.f. leading has a line-to-line voltage of 12,370 V; when the load is removed, the terminal
voltage falls down to 11,000 V. Predict the regulation of the alternator when supplying full-load at
0.8 p.f- lag. Assume an effective resistance of 0.4 Q per phase.

(Elect. Machines, Nagpur Univ. 1993)
Solution. As seen from Fig. 37.42 (a), at zero p.f. leading
E*=(Vcos ¢ +IR) + Vsin¢—IXy

Now, E, = 11,000/+/3 =6350 V

V=12370/34 7,142V,
cosdp=0,sinp=1
6350> = (0+ 100 x 0.4)* +(7142— 100 X )’

100 Xg= 790 or X;=7.9 Q .
F.L. current ja 90° L P
6 ¢ s~
1 =&:]57A é / ;Sr:_
Ix 11,000 = @ p a7
_ _ . = " <R
IR,= 0.4 x 157 =63 V; IX; = LE v —
=157x79=1240V . . S VIR,
2 5 o
Ey=[(6350 x 0.8+ 63)+ S S N7
(6350 x 0.6 + 1240)*]"2 = 7210 V/phase AT 0— >
. 7210 - 6350 :
o % regn = x 100 =13.5% (a) (h)
6350 Fig. 37.42

Example 37.29. A straight line law connects terminal voltage and load of a 3-phase star-
connected alternator delivering current at 0.8 power factor lagging. At no-load, the terminal
voltage is 3,500 V and at full-load of 2,280 kW, it is 3,300 V. Calculate the terminal voltage when
delivering current to a 3-¢, star-connected load having a resistance of 8 Q and a reactance of 6 Q per

phase. Assume constant speed and field excitation. (London Univ.)



1438

Electrical Technology

Solution. No-load phase voltage = 3,500/ /3 =2,021 V
Phase voltage on full-load and 0.8 power factor =3,300/ ﬁ =1905V
Full-load current is given by

3 VI cos =2280x 1000 .. I =

_2.2801000 _ 500 o
J3x3,300 x 0.8

drop in terminal voltage/phase for 500 A=2,021 -1,905=116V
Let us assume that alternator is supplying a current of x ampere.

Then, drop in terminal voltage per phase for x ampere is = 116 x / 500 = 0.232 x volt
.. terminal p.d./phase when supplying x amperes at a p.f. of 0.8 lagging is

=2,021-0.232 x volt

Impedance of connectedload/phase = /(8* + 6°) =10 Q

load p.f. =cos ¢ =8/10=10.8

When current is x, the applied p.d. is = 10 x

10x =2021-0.232x or x=1975A
terminal voltage/phase =2021-(0.232x197.5)=1975.2V

. terminal voltage of alternator = 1975.2 x |3 =3,421V

Tutorial Problem No. 37.2

If a field excitation of 10 A in a certain alternator gives a current of 150 A on short-circuit and
a terminal voltage of 900 V on open-circuit, find the internal voltage drop with a load current of
60A. [360 V]
A 500-V, 50-kVA, 1-¢ alternator has an effective resistance of 0.2 Q. A field current of 10 A
produces an armature current of 200 A on short-circuit and an e.m.f. of 450 V on open-
circuit. Calculate the full-load regulation at p.f. 0.8 lag. [34.4%)]
(Electrical Technology, Bombay Univ. 1978)
A 3-¢ star-connected alternator is rated at 1600 kVA, 13,500 V. The armature effective
resistance and synchronous reactance are 1.5 Q and 30 Qrespectively per phase. Calculate
the percentage regulation for a load of 1280 kW at power factors of (a) 0.8 leading and
() 0.8 lagging. [(a) —11.8% (b) 18.6%] (Elect. Engg.-11, Bombay Univ. 1977)
Determine the voltage regulation of a 2,000-V, 1-phase alternator giving a current of 100 A at
0.8 p.f. leading from the test results. Full-load current of 100 A is produced on short-circuit by
a field excitation of 2.5 A. An e.m.f. of 500 V is produced on open-circuit by the same
excitation. The armature resistance is 0.8 Q2. Draw the vector diagram.
|- 8.9%] (Electrical Machines-1, Gujarat Univ. Apr. 1976)
In a single-phase alternator, a given field current produces an armature current of 250 A on
short-circuit and a generated e.m.f. of 1500 V on open-circuit. Calculate the terminal p.d.
when a load of 250 A at 6.6 kV and 0.8 p.f. lagging is switched off. Calculate also the
regulation of the alternator at the givenload.
[7,898 V; 19.7%] (Elect. Machines-I1, Indore Univ. Dec. 1977)
A 500-V, 50-kVA, single-phase alternator has an effective resistance of 0.2 Q2. A field current
of 10 A produces an armature current of 200 A on short-circuit and e.m.f. 0of 450 V on open
circuit. Calculate (a) the synchronous impedance and reactance and (b) the full-load regulation
with 0.8 p.f. lagging.
[(a) 2.25 Q, 2.24 O, (b) 34.4%] (Elect. Technology, Mysore Univ. 1979)
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7. A 100-kVA, 3,000-V, 50-Hz, 3-phase star-connected alternator has effective armature
resistance of 0.2 Q. A field current of 40 A produces short-circuit current of 200 A and an
open-circuite.m.f. of 1040 V (line value). Calculate the full-load percentage regulation at
apower factor of 0.8 lagging. How will the regulation be affected if the alternator delivers
its full-load output at a power factor of 0.8 leading?

[24.4% — 13.5%] (Elect. Machines-11, Indore Univ. July 1977)

8 A 3-¢, 50-Hz, star-connected, 2,000 kVA, 2,300-V alternator gives a short-circuit current of
600 A for a certain field excitation. With the same excitation, the O.C. voltage was 900 V.
The resistance between a pair of terminals was 0.12 Q. Find full-load regulation at (a)
u.p.f. (b) 0.8 p.f.lagging (¢) 0.8 p.f. leading.

[(a) 7.3% (b) 23.8% (c) —13.2%] (Elect. Machinery-111, Bangalore Univ. Aug. 1979)

9. A 3-phase star-connected alternator is excited to give 6600 V between lines on open circuit. It
has aresistance of 0.5 Q and synchronous reactance of 5 Q2 per phase. Calculate the terminal
voltage and regulation at full load current of 130 A when the P.F. is (i) 0.8 lagging, (ii) 0.6
leading. [Rajive Gandhi Technical University, Bhopal, 2000]

[(?) 3318 Volts/Ph, + 14.83% (ii) 4265 Volts/Ph, - 10.65%|

Rothert's M.M.F. or Ampere-turn Method

This method also utilizes O.C. and S.C. data, butis the converse of the E.M.F. method in the sense
that armature leakage reactance is treated as an additional armature reaction. In other words, it
is assumed that the change in terminal p.d. on load is due entirely to armature reaction (and due to the
ohmic resistance drop which, in most cases, is negligible). This fact is shown in Fig. 37.43.

Now, field A.T. required to produce a voltage of V" on full-load is the vector sum of the following :

@ Field A.T. required to produce ¥ (or if R, is to be taken into account, then '+ R, cos ¢) on no-
load. This can be found from O.C.C. and

@ Field A.T. required to overcome the demagnetising
effect of armature reaction on full-load. This value is found
from short-circuit test. The field A.T. required to produce
full-load current on short-circuit balances the armature
reaction and the impedance drop.

. . C :
The impedance drop can be neglected because R, is usually }\K /2
1

very small and X is also small under short-circuit conditions.

Hence, p.f. on short-circuit is almost zero lagging and the field

A.T. are used entirely to overcome the armature reaction which Fig. 37.43

is wholly demagnetising (Art. 37.15). In other words, the

demagnetising armature A.T. on full-load are equal and opposite to the field A.T. required to
produce full-load current on short-circuit.

Now, if the alternator, instead of being on B,
short-circuit, is supplying full-load current at 0 > » O
its normal voltage and zero p.f. lagging, then total A B, B. A -
field A.T. required are the vector sum of k 0 .

@ the field A.T. = OA4 necessary to
produce normal voltage (as obtained from
0.C.C)) and

(i) thefield A.T.necessary to neutralize the armature reaction AB,. The total field A.T. are repre-
sented by OB, in Fig. 37.44 (a) and equals the vector sum of O4 and 4B,

Fig. 37.44
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If the p.f. is zero leading, the armature reaction is wholly magnetising. Hence, in that case, the field
A.T.required is OB, which is less than O4 by the field A.T. = 4B, required to produce full-load current on
short-circuit [Fig. 37.44 (b)]

If p.f. is unity, the armature reaction is cross-magnetising i.e. its effect is distortional only. Hence, field
A.T.required is OB; i.e. vector sum of OA4 and A B; which is drawn at right angles to O4 asin Fig. 37.44
(©)-

General Case

Let us consider the general case when the p.f. has any value between zero (lagging or leading) and
unity. Field ampere-turns OA corresponding to V(or '+ IR, cos ¢) is laid off horizontally. Then 45,
representing full-load short-circuit field A.T. is drawn atan angle of (90° + ¢) for a lagging p.f. Thetotal field
A.T.are givenby OB, asin Fig. 37.45. (a). Foraleading p.f,, short-circuit A.T. = 4B, is drawn at an angle
of (90° — ¢) as shown in Fig. 37.45 () and for unity p.f., AB; is drawn at right angles as shown in Fig. 37.45
(©)-

B By e B,

g H 7\ ] 6 f 'A
(a) (b) (0

Fig. 37.45

In those cases where the number of turns on the field coils is not known, it is usual to work in
terms of the field current as shown in Fig. 37.46.

In Fig. 37.47. s shown the complete diagram along with O.C. and S.C. characteristics. OA represents
field current for normal voltage V. OC represents field current required for producing full-load current on
short-circuit. Vector AB = OC is
drawn at an angle of (90° + ¢) to
OA (ifthe p.f. is lagging). The total
field current is OB for which the
corresponding O.C. voltage is E,,

% regn. = ﬂx 100
14

It should be noted that this
method gives results which are less
than the actual results, that is why it
is sometimes referred to as optimis-
tic method.

Example 37.30. 4 3.5-MVA, Y-connected alternator rated at 4160 volts at 50-Hz has the open-
circuit characteristic given by the following data :

Field Current (Amps) 50 | 100 150 | 200 | 250 | 300 | 350 | 400 | 450

0 C Volts» -
0 C Volts» .

-
AS
-

Fig. 37.46 Fig. 37.47

EMF. (Volts) 1620 | 3150 | 4160 | 4750 | 5130 | 5370 | 5550 | 5650 | 5750

A field current of 200 A is found necessary to circulate full-load current on short-circuit of the
alternator. Calculate by (i) synchronous impedance method and (ii) ampere-turn method the full-
load voltage regulation at 0.8 p.f. lagging. Neglect resistance. Comment on the results obtained.

(Electrical Machines-11, Indore Univ. 1984)
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Solution. (/) As seen from the given data, a field current of 200 A produces O.C. voltage of4750
(line value) and full-load current on short-circuit which is

3.5 % 10°/3 x 4160 = 486 A

0.C. voltphase =473V F=2740 _ 5 64 3 / phase
S.C. current/phase 486 486

z, =

Since R, = 0,X;=Z5 .. IR,=0, Xy=IZg=486 x 5.64=2740V

F.L. Voltage/phase = 4160/ 3/=2400V, cos ¢=0.8,sin ¢ = 0.6
E, = (Vcos ¢ +1IR )"+ (Vsin ¢ + I, X)'1"”
= [(2400 x 0.8 + 0)* + (2400 x 0.6 + 2740)*]"* = 4600 V

4600 — 2400
% regn. up = x 100 =92.5%

2400
(i) Itis seen from the given data that for normal voltage of 4160 V, field current needed is 150 A.
Field current necessary to circulate F.L. current on short-circuitis 200 A.
InFig. 37.48, OA represents 150 A. The vector 4B which represents 200 A is vectorially added to
04 at (90° + ¢) = (90° +36°52) = 126°52" Vector OB represents excitation necessary to produce a
terminal p.d. of4160 Vat 0.8 p.f. lagging at full-load.

OB = [150%+200%+ 2 x 150 x 200 x cos(180°— 126°52)]"2
=313.8A

The generated phase e.m.f. £, corresponding to this excitation as !

from OCC (if drawn) is 3140 V. Line value is 3140 x ﬁ =5440 V.

% regn. = 4404160 16 = 30,79

4160 Fig. 37.48

Example 37.31. The following test results are obtained on a 6,600-V alternator:

Open-circuit voltage : 3,100 4,900 6,600 7,500 8,300

Field current (amps) : 16 25 37.5 50 70

A field current of 20 A is found necessary to circulate full-load current on short-circuit of the
armature. Calculate by (i) the ampere-turn method and (ii) the synchronous impedance methodthe

full-load regulation at 0.8 p.f- (lag). Neglect resistance and leakage reactance. State the drawbacks
of each of these methods. (Elect. Machinery-I1, Bangalore Univ. 1992)

Solution. (/) Ampere-turn Method

It is seen from the given data that for the normal voltage of 6,600 V, the field current needed is 37.5 A.
Field-current for full-load current, on short-circuit, is given as 20 A.

InFig. 37.49, OA represents 37.5 A. The vector AB, which represents 20 A, is vectorially added to

04 at (90° +36°52) = 126°52! Vector OB represents the excitation necessary to produce a terminal p.d.
of 6,600 V at 0.8 p.f. lagging on full-load

OB= \[37.5 +20" + 2x3.75x 20 x cos 53°8' 52 A

The generated e.m.f. £, corresponding to this excitation, as found from O.C.C. of Fig. 37.49 is
7,600 V.
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Percentage regulation = Eo— Vx 100 = 7,600 — 6, 600 x 100 = 15.16%
V X :

(i) Synchronous Impedance Method
Let the voltage of 6,600 V be taken as 100 per

centand also let 100 per cent excitation be that which 8000 T——1—1—1—
isrequired to produce 6,600 V on open-circuit, that %888 ‘
is, the excitation of 37.5 A. » 6000 ;
Full-load or 100 per cent armature current is 2 5000 }
produced on short-circuit by a field current of 20 A. U 4000 |
If 100 per cent field current were applied on short- = 1000 \
circuit, then S.C. current would be 100 x 37.5/20= 2000 0 } |
187.5 t. | '
per cen 1000 - %B
_ 0O.C. voltage oL 0 L=—T"TAX” |,
ZS_ —~~ | same excitation 0 10 20 30 40 50 60 70 80
S.C. current ;
Ficld Amps
=100/187.5 or 0.533 or 53.3%
The impedance drop /Zis equal to 53.3% of Fig. 37.49

the normal voltage. When the two are added
vectorially (Fig. 37.50), the value of voltage is

Ey = \/[100 +53.3 cos (90 — ¢)I” + [53.3sin (90 — )

= \/(100+ 53.3x0.6) +(53.3x0.8)* =138.7%

% reg = 138.7-100 x 100 =38.7%
B 100
1% The two value of regulation, found by the two methods, are
e o found to differ widely from each other. The first method gives some-
0 o what lesser value, while the other method gives a little higher value
100 A as compared to the actual value. However, the first value is more
Fig. 37.50 likely to be nearer the actual value, because the second method

employs Zg, which does not have a constant value. Its value de-
pends on the field excitation.

Example 37.32. The open-and short-circuit test readings for a 3-, star-connected, 1000-kVA,
2000V, 50-Hz, synchronous generator are :

Field Amps ; 10 20 25 30 40 50
O.C. Terminal V 800 1500 1760 2000 2350 2600
S.C. armature

current in A: — 200 250 300 — —

The armature effective resistance is 0.2 Q per phase. Draw the characteristic curves and esti-
mate the full-load percentage regulation at (a) 0.8 p.f. lagging (b) 0.8 p.f. leading.

Solution. The O.C.C. and S.C.C. are plotted in Fig. 37.51

The phase voltages are : 462, 866, 1016, 1155, 1357, 1502.
Full-load phase voltage ~ =2000/./3 =1155V

Full-load current =1,000,000/2000 x .f3 =288.7 A
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2000

]555'3____________ _
2 1500 I g
= Y z
= IZOOD-———--—-?/ QC i z
2 A% 00 B
= 1000 @ | 00 2
N LA 4 -
S / =TT 28872 .
300 | } : 200 .
|
| } |
54.6n, |
0 2l Ny
0 20 40 60
Ficld Amps
Fig. 37.51 Fig. 37.52 Fig. 37.53

Voltage/phase at full-load at 0.8 p.f. = V'+ /R, cos ¢ = 1155+ (288.7 x 0.2 x 0.8) = 1200 volt
Form open-circuit curve, it is found that field current necessary to produce this voltage =32 A.

From short-circuit characteristic, it is found that field current necessary to produce full-load current of
288.7 Ais=29 A.

(a) cos $ =0.8, ¢ =36°52(lagging)

InFig. 37.52,04=32 A, 4B =29 A and is at an angle of (90° + 36°52) = 126°52%vith OA4. The
total field current at full-load 0.8 p.f. lagging is OB=154.6 A

O.C. volt corresponding to a field current of 54.6 A is = 1555V

% regn. = (1555 — 1155) x 100/1155 = 34.6%

(b) Inthis case, as p.f. is leading, 4B is drawn with OA4 (Fig. 37.53) at an angle 0of 90° — 36° 52=
53°8' OB=274A.

O.C. voltage corresponding to 27.4 A of field excitation is 1080 V.

% regn. = 1080 — 1155 x 100 =—6.4%
1155

Example 37.33. 4 3-phase, 800-kV A, 3,300-V, 50-Hz alternator gave the following results:

Exciting current (4) 50 60 70 80 90 100

O.C. volt (line) 2560 3000 3300 3600 3800 3960

S.C. current 190 — — — — —

The armature leakage reactance drop is 10% and the resistance drop is 2% of the normal
voltage. Determine the excitation at full-load 0.8 power factor lagging by the m.m.f. method.

Solution. The phase voltages are : 1478, 1732, 1905, 2080, 2195, 2287

The O.C.C.isdrawnin Fig. 37.54.

Normal phase voltage = 3300/ v/3 = 1905 V; IR, drop = 2% of 1905 = 38.1 volt
Leakage reactance drop =10% of 1905 = 190.5 Volt

E= \/[(1905 x 0.8 x + 38.1)> + (1905% 0.6 + 190.5)*] =2,068 V
The exciting current required to produce this voltage (as found from O.C.C.) is 82 A.
Full load current = 800.000/ +/3 x 3300 = 140A
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Asseen from S.C.C., the exciting current required to produce this full-load current of 140 A on short-
circuitis 37 A.

2500
2068 —— —— ——————

2 I
= i I —
= 1500 Ry ' —300 &
= o Cr =
=) | o
g o 5
= 1000 | —200 ©
-] | O

| n

——————— T——————- 140 B
500~ | | —{ 100
| |
| | o
37 82
(0.0 W ! ' I ~
20 40 60 80 100 82A A
Exciting Current
Fig. 37.54 Fig. 37.55

InFig. 37.55, OB gives the excitation required on full-load to give a terminal phase voltage of 1905 V
(or line voltage 0of 3300 V) at 0.8 p.f. lagging and its value is

= |82+ 37"+ 2 x 82 x 37 x cos 53°= 108 A

Tutorial Problem No. 37.3

1. A30-kVA,440-V, 50-Hz, 3-¢, star-connected synchronous generator gave the following test data :

Field current (A) : 2 4 6 7 8 10 12 14
Terminal volts . 155 287 395 440 475 530 570 592
S.C. current : 11 22 34 40 46 57 69 80

Resistance between any two terminals is 0.3 Q
Find regulation at full-load 0.8 p.f. lagging by (@) synchronous impedance method and () Rothert’s
ampere-turn method. Take Z corresponding to S.C. current of 80 A. [(a) 51% (b) 29.9%]

Zero Power Fa ctor Method or Potier Method

This method is based on the separation of armature-leakage reactance drop and the armature
reaction effects. Hence, it gives more accurate results. It makes use of the first two methods to some
extent. The experimental data required is (¢) no-load curve and (if) full-load zero power factor curve
(not the short-circuit characteristic) also called wattless load characteristic. Itis the curve of terminal
volts against excitation when armature is delivering F.L. current at zero p.f.

The reduction in voltage due to armature reaction is found from above and (i) voltage drop due
to armature leakage reactance X; (also called Potier reactance) is found from both. By combining
these two, £, can be calculated.

It should be noted that if we vectorially add to V the drop due to resistance and leakage reactance X,
we get E. If to E is further added the drop due to armature reaction (assuming lagging p.f.), then we get £
(Art. 37.18).

The zero p.f. lagging curve can be obtained.
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(@) ifasimilar machine is available which may be driven at no-load as a synchronous motor at practi-
cally zerop.f. or

(b) Dby loading the alternator with pure reactors LEo < _ \f‘p K

(© by connecting the alternator to a 3-¢ line with ammeters
and wattmeters connected for measuring current and power and by
so adjusting the field current that we get full- load armature current
with zero wattmeter reading.

Point B (Fig. 37.56) was obtained in this manner when wattmeter
was reading zero. Point 4 is obtained from a short-circuit test with
full-load armature current. Hence, OA4 represents field current which
isequal and opposite to the demagnetising armature reaction and
for balancing leakage reactance drop at full-load (please refer to
A.T.method). Knowing these two points, full-load zero p.f. curve
AB can be drawn as under.

From B, BH is drawn equal to and parallel to OA. From H,
HDis drawn parallel to initial straight part of N-L curve i.e. parallel Fig. 37.56
to OC, which is tangential to N-L curve. Hence, we get point D on no-load curve, which corresponds to
point B on full-load zero p.f. curve. The triangle BHD is known as Potier triangle. This triangle is constant
for a given armature current and hence can be transferred to give us other points like M, L etc. Draw DE
perpendicular to BH. The length DE represents the drop in voltage due to armature leakage reactance X,
i.e. 1.X;. BE gives field current necessary to overcome demagnetising effect of armature reaction at full-
load and EH for balancing the armature leakage reactance drop DE.

Let V" be the terminal voltage on full-load, then if we add to it vectorially the voltage drop due to
armature leakage reactance alone (neglecting R,,), then we get voltage £ = DF (and not £,,). Obviously,
field excitation corresponding to E is given by OF. NA (= BE) represents the field current needed to
overcome armature reaction. Hence, if we add NA vectorially to OF (as in Rothert’s A.T. method) we get
excitation for £, whose value can be read from N-L curve.

InFig. 37.56, FG (= NA) is drawn at an angle of (90° + ¢) for a lagging p.f. (or it is drawn at an angle
0f 90° — ¢ foraleading p.f.). The voltage corresponding to this excitationis JK=E|,

- Y% regn. = 0 " %100

vV

The vector diagram is also shown separately
in Fig.37.57.

Assumingalagging p.f. with angle ¢, vector
for /is drawn at an angle of ¢ to V. IR, is drawn
parallel to current vector and X, is drawn
perpendicular to it. OD represents voltage £. The
excitation corresponding to it i.e.. OF is drawn at
90° ahead of it. FG (= NA = BE in Fig. 37.56) Fi

K X ig. 37.57
representing field current equivalent of full-load
armature reaction, is drawn parallel to current vector OI. The closing side OG gives field excitation for E).
Vector for £ is 90° lagging behind OG. DL represents voltage drop due to armature reaction.

c:\

EMF
0 PF., F.L. Curve

/

Field Current

Pro cedural Steps for Potier Method 1.

1. Suppose we are given V-the terminal voltage/phase.

2 Wewill be given or else we can calculate armature leakage reactance X; and hence can calculate
1X;.
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3. Adding IX] (and IR, if given) vectorially to V, we get voltage E.

Wewill next find from N-L curve, field excitation for voltage £. Letitbei,.

Further, field current i, necessary for balancing armature reaction is found from Potier triangle.
Combine i, and iy, vertorially (as in 4.7 method) to get i,

Read from N-L curve, the e.m.f. corresponding to i This givesus £,. Hence, regulation can be
found.

NS e

Example 37.34. A 3-phase, 6,00-V alternator has the following O.C.C. at normal speed :
Field amperes : 14 18 23 30 43
Terminal volts : 4000 5000 6000 7000 8000

With armature short-circuited and full-load current flowing the field current is 17 A and when

the machine is supplying full-load of 2,000 kVA at zero power factor, the field current is 42.5 A and
the terminal voltage is 6,000 V.

Determine the field current required when the machine is supplying the full-load at 0.8 p.f-
lagging. (A.C.Machines-1, Jadavpur Univ. 1988)

Solution. The O.C.C. is drawn in Fig. 37.58 with phase voltages which are
2310, 2828, 3465 4042 4620
The full-load zero p.f. characteristic can be drawn

because two points are known i.e. (17, 0) and (42.5, 5000
3465). / //
In the Potier ABDH, line DE represents the leak- 4000 D
age reactance drop (= LX}) and is (by measurement) 3750 /{\\
equal to 450 V. As seen from Fig. 37.59. 2 HE /~
E= J( cos )" + (V sin ¢ + IX , } = 3000
<
— (5465 x 0.8)” + (3465 x 0.6 + 450)’ E - //
=3750 V = /
From O.C.C. of Fig. 37.58, it is found that field
amperes required for this voltage =26.5 4. 1Ty
Field amperes required for balancing armature
;ﬁ;dt(i:;(igan ngD]l;)l..S A (by measure-ment from O, 10 1720 § 30 20 50
Asseen from Fig. 37.60, the field currents are Field Amps
added vectorially at an angle of (90° + ¢) =126° Fig. 37.58
52!

Resultant field current is OB= \/26.52 +14.5° +2 x 26.5 x 14.4 cos 53°8'=37.2 A

Example 37.35. 4An 1I-kV,
1000-kVA, 3-phase, Y-connected
alternator has a resistance of 2 Q per
phase. The open-circuit and full-load
zero power factor characteristics are
given below. Find the voltage
regulation of the alternator for full
load current at 0.8 p.f. lagging by
Potier method.

265 A

Fig. 37.59 Fig. 37.60
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Field current (A) : 40 50 110 140 180
O.C.C. line voltage : 5,800 7,000 12,500 13,750 15,000
Line volts zero p.f. 0 1500 8500 10,500 12,500

(Calcutta Univ. 1987 and S. Ramanandtirtha Univ. Nanded, 2001)

Solution. The O.C.C. and full-load zero p.f. curve for phase voltage are drawn in Fig. 37.61. The
corresponding phase voltages are :

0O.C.C. phase voltage 3350 4040 7220 7940 8660
Phase voltage zero p.f. 0 866 4900 6060 7220
Full-load current =1000 x 1000/ x 11,000 = 52.5 A

Phase voltage =11,000/ 3/= 6,350 A

In the Potier AABC, AC=40 A, CB is parallel to the tangent to the initial portion of the O.C.C. and
BDis 1 to AC.

BD = leakage reactance drop /X; = 1000 V — by measurement

AD =30 A — field current required to overcome demagnetising effect of armature reaction on
full-load.

As shown in Fig. 37.62,
10000
9000

77008 - =TT

<

= 6000

£ 5000

S

5 4000

© 3000
2000
1000

0

] S| —_—

B

C |p )

T
1
L
1
1
|
1
1
1
1
1
T
1
1
T
1
1
[
1

A

0 20406080 108 126140 160 180200
Field Current

Fig. 37.61 Fig. 37.62

04=6350V;AB=1IR,=525x2=105V
IX; = BC=1000V —by measurement

OC=E= \/(Vcos o+ IR )+ (Vsin ¢+ [X ),

= \/(6350 % 0.8 +105)? + (6350 x 0.6 +1000)* ; E=7, 080V

As seen from O.C.C,, field current required for 7,080 V is 108 A. Vector OD (Fig. 37.62) represents
108 A and is drawn L to OC. DF represents 30 A and is drawn parallel to Of or at (90° +36° 52) = 126°
52%ith OD. Total field current is OF.
OF = /108" +30° + 2 x 108 x 30 cos 53°8= 128 A

From O.C.C,, it is found that the e.m.f. corresponding to this field current is 7,700V
7.700 — 6, 350
x 100 = 21.3 per cent

6,350

E, = 7,700 V; regulation =
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Example 37.36. The following test results were obtained on a 275-kW, 3-¢, 6,600-V non-salient
pole type generator.

Open-circuit characteristic :

Volts : 5600 6600 7240 8100

Exciting amperes : 46.5 58 67.5 96

Short-circuit characteristic : Stator current 35 A with an exciting current of 50 A. Leakage
reactance on full-load = 8%. Neglect armature resistance. Calculate as accurately as possible the
exciting current (for full-load) at power factor 0.8 lagging and at unity. (City & Guilds, London)

Solution. First convert the O.C.
line volts into phase volts by divid- 5000
ing the given terminal values by V3.

- 0.C. volts (phase) : 3233,
3810, 4180, 4677. <00y o

0O.C.C. isplotted in Fig. 37.63.
For plotting S.C.C., we need two
points. One is (0, 0) and the other is
(50 A, 35 A). In fact, we can do
without plotting the S.C.C. because it
being a straight line, values of field
currents corresponding to any
armature current can be found by
directratio.

3000 o 60

C. Volts / Phase
O

N\
S C Current

O

j 2000 / %Q 40

1000

20

N N

Leakage reactance drop

SO _5o45v 0
100 0 20 40 60 80 100
Exciting Amps

Normal phase voltage
=6,600/3=3810V Fig. 37.63

In Fig. 37.64, OA4 = 3810 V and at an angle ¢ ahead of current vector OI.
AB=304.8V isdrawn atrightangles to O/. Resultant of the twois OB=4010V.
From O.C.C., field current corresponding to 4,010 Vis 62 A.

Full-load current at 0.8 p.f. = 275,0004 x 6600 x 0.8=30 A

35 A of armature current need 50 A of field current, hence 30 A of armature current need 30 x 50/35
=43 A.

InFig. 37.64, OC=62 A is drawn at right angles to OB. Vector CD =43 A is drawn parallel to OL.
Then, OD =94.3 A

Note. Here. 43 A pffield excitation is assumed as having all been used for balancing armature reaction. In
fact, a part of it is used for balancing armature leakage drop of 304.8 V. This fact has been clarified in the next
example.

At Unity p.f.

In Fig. 37.65, OA again represents V' = 3810V, AB =304.8 V and at right angles to OA.

The resultant OB = \/(3810° +304.8°) =3830 V

Field current from O.C.C. corresponding to this voltage = 59.8 A.
Hence, OC=59.8 A is drawn perpendicular to OB (asbefore)

Full-load currentatu.p.f. = 275,000/ V3 x 6600 x 1=24 A
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Now, 35 A armature current corresponds to a field current of 50 A, hence 24 A of armature current

corresponds to 50 x 24/35=34.3 A.

Hence, CD = 34.3 Aisdrawn || to OA (and L to OC approximately).*

0 3810V A

Fig. 37.64 Fig. 37.65

OD = \/(59.8°+34.3) =70 A

Example 37.37. 4 600-kVA, 3,300-V, 8-pole, 3-phase, 50-Hz alternator has following

characteristic :
Amp-turns/pole  : 4000 5000 7000 10,000
Terminal E.M.F. : 2850 3400 3850 4400
There are 200 conductor in series per phase.
Find the short-circuit characteristic, the field ampere-turns for full-load 0.8 p.f.- (lagging) and
the voltage regulation, having given that the inductive drop at full-load is 7% and that the equivalent

armature reaction in amp-turns per pole = 1.06 x ampere-conductors per phase per pole.
(London Univ.)

Solution. O.C. terminal voltages are first converted into phase voltages and plotted against field amp-

turns, as shown in Fig. 37.66.

Full-load current 2500
_ 600,000 _ s
‘\[gx3300 2000(--1--F-4--1--
Demagnetising amp-turns per pole per phase |
for full-load at zero p.f. é:«j 1500 200 &
=1.06 x 105 x 200/8 z =
o O
=2,780 = 1000 9]
Normal phase voltage U 1002
=3300/+/3 =1910volt © B
Leakage reactance drop =
:3300X7:133V .
V3% 100 >
. 0 2000 4000 ~ 6000 8000 10000
In Fig. 37.67, OA represents 1910 V. AMP Turns / Pole
AB =133 Visdrawn L OI, OB is the
Fig. 37.66

resultant voltage E (not £,)).

.. OB=E=1987 volt
From O.C.C., we find that 1987 V correspond to 5100 field amp-turns. Hence, OC = 5100 is drawn
1 to OB. CD=2780is || to OI. Hence, OD = 7240 (approx). From O.C.C. it is found that this

*  Itis so because angle between OA4 and OB is negligibly small. If not, then CD should be drawn at an angle
of (90 + o) where a. is the angle between OA4 and OB.
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corresponds to an O.C. voltage of 2242 volt. Hence, when load is thrown off, the voltage will rise to
2242 V.

2242 — 1910
0 === x100
% regn. 1910
= 17.6 %

How to deduce S.C.C. ?

We have found that field amp-turns for balancing ar-
mature reaction only are 2,780. To this should be added
field amp-turns required for balancing the leakage reac-
tance voltage drop of 133 V.

Field amp-turns corresponding to 133 volton O.C.
are 300 approximately. Hence, with reference to Fig.
37.56, NA = 2780, ON = 300

.. Short-circuit field amp-turns /
=04=2780+ 300
=3080 Fig. 37.67

Hence, we geta point B on S.C.C. i.e. (3080, 105) and the other point is the origin. So S.C.C. (which
is a straight line) can be drawn as shown in Fig. 37.66.

Example 37.38. The following figures give the open-circuit and full-load zero p.f saturation
curves for a 15,000-kVA. 11,000V, 3-b, 50-Hz, star-connected turbo-alternator:

Field ATin 10° : 10 18 24 30 40 45 50
O.C. line kV : 4.9 8.4 10.1 11,5 12.8 133  13.65
Zero p.f. full-load line kV : — 0 — — — 10.2 —

Find the armature reaction, the armature reactance and the synchronous reactance. Deduce the
regulation for full-load at 0.8 powerlagging.

Solution. First, O.C.C. is drawn between phase voltages and field amp-turns, as shown in Fig.
37.68.

Full-load, zero p.f. line can be drawn, because two points are known i.e. 4 (18, 0) and C (45, 5890).
Other points on this curve can be found by transferring the

Potier triangle. At point C, draw CD || to and equal to O4
and from D draw DE || to ON. Join EC. Hence, CDE is 8000 N
the Potiertriangle. 7540|1177 TE™ ]
Line EFis L to DC 6750 - - 9--1--17 B
CF = field amp-turns for balancing ar- g el DIF | C
mature-reaction only =
= 15,700 G i
EF=GH=640 volt=leakage reactance drop/phase ; 4000 i
Short-circuit A.T. required = 04 =18,000 o i
Full-load current = 15.000 » 1000 =788 A 2000 i
3¢ 11, 000 G :
640=1xX, .. X,=640/788=0.812Q
From O.C.C., we find that 18,000 A.T. correspond to 0 H A0 40 10°
an O.C. voltageof 8,400/ /3 =4,850V. Field Amp-Turns
7, ~Q.C.volt_4.850 Fig. 37.68

S.C.cuerrent 788
- 6160 (Art.37.21)
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As R, is negligible, hence Zgequals Xj.
Regulation
In Fig. 37.69, O4 = phase voltage = 11,0003
=6,350V

AB =640V and is drawn at right angles to O/ or at (90° + ¢) to OA.
Resultantis OB=6,750V

Field A.T. corresponding to O.C voltage of
6,750V is=0C=30,800andis drawn L to OB.

CD = armature reactionat F.L.=15,700 and
is drawn || to OI or at (90° + ¢) to OC.

Hence, OD = 42,800.
From O.C.C., e.m.f. corresponding to 42,800

A.T. of rotor = 7,540 V 0 6350V :A
.. % regn. up = (7,540 — 6,350)/6,350 = 0.187 \
or 18.7% o ;7 6

ig. 37.

Tutorial Problem No. 37.4

1. The following data relate to a 6,600-V, 10,000-kVA, 50-Hz, 3-¢, turbo- alternator:

0.C. kilovolt 4.25 5.45 6.6 7.3 8 9

Exciting A.T. in 10 60 80 100 120 145 220

Excitation needed to circulate full-load current on short circuit : 117,000 A.T. Inductive drop in stator
winding at full-load = 15%. Find the voltage regulation at full-load 0.8 power factor.
[34.4%] (City & Guilds, London)

2 Deduce the exciting current for a 3-¢, 3300-V generator when supplying 100 kW at 0.8 power factor
lagging, given magnetisation curve on open-circuit :

Line voltage : 3300 3600 3900

Exciting current : 80 96 118

There are 16 poles, 144 slots, 5 conductors/slot, single-circuit, full-pitched winding, star- connected. The
stator winding has a resistance per phase of 0.15 Q and a leakage reactance of 1.2 Q. The field coils have each 108
turns. [124 A] (London Univ.)

3. Estimate the percentage regulation at full-load and power factor 0.8 lagging of a 1000-kVA, 6,600-V,
3-¢, 50-Hz, star-connected salient-pole synchronous generator. The open-circuit characteristic is as follows :

Terminal volt 4000 6000 6600 7200 8000

Field A.T. 5200 8500 10,000 12,500 17,500

Leakage reactance 10%, resistance 2%. Short-circuit characteristic : full-load current with a field excitation
of 5000 A.T. Take the permeance to cross armature reaction as 35% of that to direct reaction. [20% up |

4. A 1000-kVA, 11,000-V, 3-¢, 50-Hz, star-connected turbo-generator has an effective resistance of|
2Q) /phase. The O.C.C. and zero p.f. full-load data is as follows :

O.C. volt 5,805 7,000 12,550 | 13,755 15,000

Field current A 40 50 110 140 180

Terminal volt at F.L. zero p.f. 0 1500 8,500 10,500 12,400
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Estimate the % regulation for F.L. at 0.8 p.f. lagging. [22 %]

5. A 5-MVA, 6.6 kV, 3-¢, star-connected alternator has a resistance of 0.075 Q per phase. Estimate the
regulation for a load of 500 A atp.f. (a) unity and (») 0.9 leading (¢) 0.71 lagging from the following open-circuit
and full-load zero power factor curve.

Field current (A) Open-circuit terminal Saturation curve
voltage (V) zero p.f.
32 3100 0
50 4900 1850
75 6600 4250
100 7500 5800
140 8300 7000

[(a) 6.3% (b) —7.9% (c) 20.2%] (Electrical Machines-1I, Indore Univ. Feb. 1978)

Operation of a Salient Pole Synchronous Ma chine

A multipolar machine with cylindrical rotor has a uniform air-gap, because of which its reactance
remains the same, irrespective of the spatial position of the rotor. However, a synchronous machine with
salient or projecting poles has non-uniform air-gap due to which its reactance varies with the rotor position.
Consequently, a cylindrical rotor machine possesses one axis of symmetry (pole axis or direct axis) whereas
salient-pole machine possesses two axes of geometric symmetry (7)
field poles axis, called directaxis or d-axis and (/i) axis passing through  ;-uxis
the centre of the interpolar space, called the quadrature axis or g-
axis, as shown in Fig. 37.70.

d-axis

Obviously, two mmfs act on the d-axis of a salient-pole
synchronous machine i.e. field m.m.f. and armature m.m.f. whereas
only one m.m.f., i.e. armature mmf acts on the g-axis, because field
mmfhas no component in the g-axis. The magnetic reluctance is low
along the poles and high between the poles. The above facts form the
basis of the two-reaction theory proposed by Blondel, according to
which

() armature current/, canberesolved into two components

Fig. 37.70

i.e. I;perpendicular to £y and /, along E as shown in Fig. 37.71 (b).

(@ armature reactance has two components i.e. g-axis armature reactance X, ; associated with
and d-axis armature reactance X, linked with 7.
If we include the armature leakage reactance X, which is the same on both axes, we get
X;=X,gt Xjand X, =X, + X

Since reluctance on the g-axis is higher, owing to the larger air-gap, hence,
Xyg<Xgq orX, <X;orX;>X,

Phasor Diagram for a Salient Pole Synchronous Ma chine
The equivalent circuit of a salient-pole synchronous generator is shown in Fig. 37.71 (a). The compo-
nent currents /,and /, provide component voltage drops jI, X, and j [, X, as shown in Fig. 37.71(b) fora
lagging load power factor.
The armature current /, has been resolved into its rectangular components with respect to the axis for
excitation voltage £,. The angle v between £, and /, is known as the internal power factor angle. The
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vector for the armature resistance drop /, R, is drawn parallel to /,. Vector for the drop
1,X,1s drawn perpendicular to /, whereas that for /, < X, is drawn perpendicular to /,. The angle & between
E,and Vis called the power angle. Following phasor relationships are obvious from Fig. 37.71 ()
Ey=V+ IR, +jl;X;+jl, X, and I, =1, + 1,
If R, is neglected the phasor diagram becomes as shown in Fig. 37.72 («). In this case,
Ey=V+jl, X+ jl X,

i‘# er

XX, w—0

(a) (2
Fig. 37.71

Incidentally, we may also draw the phasor diagram with terminal voltage V' lying in the horizontal
direction as shown in Fig. 37-72 (b). Here, again drop /, R,is ||/, and I, X, is L to /, and drop
I, X,1s L to 1, asusual.

Calculations from Phasor Diagram

In Fig. 37.73, dotted line AC has been drawn perpendicular to /, and CB is perpendicular to the
phasor for £,. The angle ACB =\ because angle between two lines is the same as between their perpen-
diculars. Itis also seen that

I,=1,siny ;I =1,cos y ; hence, [,= 1 /cos y

InAABC, BC/AC =cos y or AC = BClcos y =1, X,/ cos y =1, X,
_— — 74X,
I, —
O_ JE v s
al \A_ij_i A2 "
N/ 4’\\ .\\;///\.)\‘L\
b A
\
(I
[
() (€2)]
Fig. 37.72
From A ODC, we get
AD + AC Vsin ¢+ [, X, .
tany= -~ =—" —generating
OE+ED Vcos¢o+1, R,
Vsin ¢— I X, .
= ; —motoring
V sin¢— I, R,

The angle y can be found from the above equation. Then, & =y — ¢ (generating) and 6 = ¢ —
(motoring)

As seen from Fig. 37.73, the excitation voltage is given by
Ey= Vcosd+I[ R, +1,X, —generating
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=Vcosd-1, R, —1,X;  —motoring -V Cos § —

Note. Since angle ¢ is taken positive for lagging p.f., ol

it will be taken negative for leading p.f.
Ifweneglect the armatrue resistance as shown in
Fig. 37.72, then angle & can be found directly as under :

y = ¢ + O (generating)

and y = ¢ — & (motoring). /
d
In general, vy = (¢ £95).
I, = I,;siny ES s
=[,sin (¢ +8); I, =1,cos y =1,cos (¢ +J) \\ //
As seen from Fig. 37.73, Vsind=1 X =1,X, \//
+8 Dy
cos (§:£9) Fig. 37.73
V'sin & = I, X, (cos ¢ cos &+ sin ¢ sin 5)
or V=1,X,cos ¢ cot d+ 1, X, sin ¢
I, X, cos cotd=V=+1,X sin ¢
1,X cos ¢
tan §= ————
VEI,X,sin¢

Inthe above expression, plus sign is for synchronous generators and minus sign for synchronous motors.
Similarly, when R  isneglected, then,
Ey= Vcosdx1;X,
However, if R, and hence I, R, drop is not negligible then,
Ey = Vcosd+I R+ 1, X, —generating
= Vcosd-1,R,— [, X, —motoring

Power Developed by a synchronous Generator

If we neglect R, and hence Cu loss, then the power developed (P,) by an alternator is equal to the
power output (P,,,). Hence, the per phase power output of an alternator is

P,,, = VI, cos ¢ =power developed (p,) ()
Now, as seen from Fig., 37.72 (a), [, X, = Vsind; 1, X;=Ey,— Vcos d ... (i)
Also, 1, = 1,sin(¢+93);1,=1,cos(¢+9) N (11))

Substituting Eqn. (i) in Eqn. (i) and solving for /, cos ¢, we get

I cos ¢=lsin 8+l sin2 8 r sin2 &

“ Xy 2%, 2X,
Finally, substituting the above in Eqn. (i), we get
2
_EY . 5 1 2(1 1\ 5= EV Sin6+V1(X _)‘q) n2s
P, = sin 5+ EV\ — > (sin 2 — > 9 sin
701— \Xq de a Xa q

The total power developed would be three times the above power.

As seen from the above expression, the power developed consists of two components, the
first term represents power due to field excitation and the second term gives the reluctance power i.e.
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power due to saliency. If X, = X_i.e. the machine has a cylinderical rotor, then the second term
becomes zero and the power is given by the first term only. If, on the other hand, there is no field
excitation i.e. £, = 0, then the first term in the above expression becomes zero and the power developed is
given by the second term. It may be noted that value of & is positive for a generator and negative for a
motor.

Example 37.39. A 3-phase alternator has a direct-axis synchronous reactance of 0.7 p.u. and a
quadrature axis synchronous reactance of 0.4 p.u. Draw the vector diagram for full-load 0.8 p.f-
lagging and obtain therefrom (i) the load angle and (ii) the no-load per unitvoltage.

(Advanced Elect. Machines, AMIE Sec. B 1991)

Solution. V=1pu;X,;=0.7p.u; X,=04p.u;
cos ¢=0.8;sin ¢=0.6; ¢ =cos ™' 0.8=36.9%1 ,1lpu
) tan &= LaXc08¢ 1x04x08 —02585=16.5°
V+l,sing 1+04x0.6
(i) 1,=1,sin (¢ +3)=1s5in (36.9°+ 14.9°) =0.78 A

Ey=Vcosd6+1;X;=1x0.966+0.78 x 0.75 = 1.553
Example 37.40. A 3-phase, star-connected, 50-Hz synchronous generator has direct-axis
synchronous reactance of 0.6 p.u. and quadrature-axis synchronous reactance of 0.45 p.u. The generator
delivers rated kVA at rated voltage. Draw the phasor diagram at full-load 0.8 p.f. lagging and hence
calculate the open-circuit voltage and voltage regulation. Resistive drop at full-load is 0.015 p.u.

(Elect. Machines-1I, Nagpur Univ. 1993)
Solution. I,=1pu;V=1pu;X,=0.6p.u,; Xq= 0.45p.u.; R,=0.015p.u.
tany = /SiN0+ 1, X, 1x0.6+1x045
V cos ¢+ I,R, 1x0.8+1x0.015
S=y —¢$=52.2°-36.9°=153°

1;=1,siny=1x079=0.79A ;I =1,cosy=1x0.61=0.61A

Ey=Vcosd+1,R,+1,X,

=1x0.965+0.61 x0.015+0.79 x 0.6 = 1.448

% regn. = “H8=1 100 = 44.8%

1
Example 37.41. 4 3-phase, Y-connected syn. generator supplies current of 10 A having phase
angle of 20° lagging at 400 V. Find the load angle and the components of armature current 1, and 1,
if X, = 10 ohm and X, = 6.5 ohm. Assume arm. resistance to be negligible.
(Elect. Machines-I, Nagpur Univ. 1993)

=1.288; wy=3522°

Solution. cos ¢ = cos 20° = 0.94; sin ¢ = 0.342; /,= 10A
fan § — IaXZcos.cl) _ 10x6.5x0.94 01447
V+I,X,sin¢ 400 + 10 x 6.5 x 0.342
5=128.23°

1,=1,sin (¢ +8)=10sin (20° + 8.23°) =4.73 A
I,=1,cos (¢ +3) =10 cos (20° + 8.23°) = 8.81 A
Incidentally, if required, voltage regulation of the above generator can be found as under:
1,X,=473x10=473V
Ey=Vcos d+1,X,=400cos 8.23°+47.3 =443 V
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E, -V
% regn. = 0 " x100
%
443 — 400
400

x 100 = 10.75%

Tutorial Problem No. 37.5.

1. A20 MVA,3-phase, star-connected, 50-Hz, salient-pole has X,;= 1 p.u.; X, =0.65 p.u. and R,=0.01
p.u. The generator delivers 15 MW at 0.8 p.f. lagging to an 11-kV, 50-Hz system. What is the load
angle and excitation e.m.f. under these conditions? [18°; 1.73 p.u]

2. Asalient-polesynchronous generator deliversratedkVAat 0.8 p.f. lagging atrated terminal voltage. It
has X, = 1.0 p.u. and X, = 0.6 p.u. If its armature resistance is negligible, compute the excitation
voltage underthese conditions. [1.77 p.u]

3. A20-kVA,220-V,50-Hz, star-connected, 3-phase salient-pole synchronous generator supplies load at
a lagging power factor angle of 45°. The phase constants of the generator are X, =4.0Q ; X, =2 Q
and R, =0.5 Q. Calculate (i) power angle and (i7) voltage regulation under the given load conditions.

[(@) 20.6° (i) 142%]

4. A3-phase salient-pole synchronous generator has X,;= 0.8 p.u.; X, =0.5 p.u. and R, = 0. Generator
supplies full-load at 0.8 p.f. lagging at rated terminal voltage. Compute (i) power angle and (i) no-
load voltage if excitation remains constant. [(@) 17.1° (i) 1.6 p.u]

Parallel Operation of Alternators

The operation of connecting an alternator in parallel with another alternator or with common bus-bars
isknown as synchronizing. Generally, alternators are used in a power system where they are in parallel
with many other alternators. It means that the alternator is connected to a live system of constant voltage
and constant frequency. Often the electrical system to which the alternator is connected, has already so
many alternators and loads connected to it that no matter what power is delivered by the incoming alterna-
tor, the voltage and frequency of the system remain the same. In that case, the alternator is said to be
connected to infinitebus-bars.

It is never advisable to connect a stationary alternator to live bus-bars, because, stator induced e.m.f.
being zero, a short-circuit will result. For proper synchronization of alternators, the following three condi-
tions must be satisfied :

1.  Theterminal voltage (effective) of the incoming alternator must be the same as bus-bar voltage.

2 Thespeed of the incoming machine must be such thatits frequency (= PN/120) equals bus-bar
frequency.

3. Thephase of the alternator voltage must be identical with the phase of the bus-bar voltage. It
means that the switch must be closed at (or very near) the instant the two voltages have correct phase
relationship.

Condition (1) is indicated by a voltmeter, conditions (2) and (3) are indicated by synchronizing lamps
or asynchronoscope.

Synchronizing of Alternators

(@ Single-phase Alternators

Suppose machine 2 is to be synchronized with or ‘put on’ the bus-bars to which machine 1 is already
connected. This is done with the help of two lamps L, and L, (known as synchronizing lamps) connected
as shown in Fig.37.74.

It should be noted that £, and E, are in-phase relative to the external circuit but are in direct phase
opposition in the local circuit (shown dotted).
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Ifthe speed of the incoming machine 2 is not brought up to that of machine 1, then its frequency will also
be different, hence there will be a phase-difference between their voltages (even when they are equal in
magnitude, which is determined by field excitation). This phase-difference will be continously changing with
the changes in their frequencies. The result is that their resultant voltage will undergo changes similar to the
frequency changes of beats produced, when two sound sources of nearly equal frequency are sounded
together, as shown in Fig. 37.75.

Sometimes the resultant voltage is maximum and some other times minimum. Hence, the current is
alternatingly maximum and minimum. Due to this changing current through the lamps, a flicker will be
produced, the frequency of flicker being (f, ~ ;). Lamps will dark out and glow up alternately. Darkness
indicates that the two voltages £, and E,, are in exact phase opposition relative to the local circuitand hence

}t Bus-Bars

r i |

o] N - f
N AVATATAVEZ

Machine | Machine-2

Fig. 37.74 Fig. 37.75

there is no resultant current through the lamps. Synchronizing is done at the middle of the dark period. That
is why, sometimes, it is known as ‘lamps dark’ synchronizing. Some engineers prefer ‘lamps bright’ syn-
chronization because of the fact the lamps are much more sensitive to

changes in voltage at their maximum brightness than when they are Bus-Bars

dark. Hence, a sharper and more accurate synchronization is ob-
tained. In that case, the lamps are connected as shown in Fig. 37.76.

Now, the lamps will glow brightest when the two voltages are in-
phase with the bus-bar voltage because then voltage across them is L,
twice the voltage of each machine.
(b) Three-phase Alternators
E l

In 3-¢ alternators, it is necessary to synchronize one phase only,
the other two phases will then be synchronized automatically. How- E,
ever, firstit is necessary that the incoming alternator is correctly ‘phased U
out’ i.e. the phases are connected in the proper order of R, ¥, Band  Machine 1 Machine 2
not R, B, Y etc.

In this case, three lamps are used. But they are deliberately
connected asymmetrically, as shown in Fig. 37.77 and 37.78.

This transposition of two lamps, suggested by Siemens and Halske, helps to indicate whether the
incoming machine is running too slow. If lamps were connected symmetrically, they would dark out or glow
up simultaneously (if the phase rotation is the same as that of the bus-bars).

Lamp L, is connected between R and R! L, between Y and B(not Y and Y) and L, between B and ¥’
(and not B and B), as shown in Fig. 37.78.

Voltage stars of two machines are shown superimposed on each other in Fig. 37.79.

Fig. 37.76
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Two sets of star vectors will rotate at
unequal speeds if the frequencies of the two
machines are different. If the incoming
alternator is running faster, then voltage star
RYBWwill appear to rotate anticlockwise with
respect to the bus-bar voltage star RYB ata
speed corresponding to the difference
between their frequencies. With referenceto
Fig. 37.79, it is seen that voltage across L, is
RRAnd is seen to be increasing from zero,
that across L, is YBWhich is decreasing,
having just passed through its maximum, that
across L; is BY'which is increasing and
approaching its maximum. Hence, the
lamps will light up one after the other in the
order2,3,1;2,3,1o0r1,2,3.

Bus-Bars

B
.
)

R

Fig. 37.77

Now, suppose that the incoming ma-
chine is slightly slower. Then the star
RYB#Will appear to be rotating
clockwise relative to voltage star RYB
(Fig. 37.80). Here, we find that volt-
age across L, i.e. YB is decreasing
having just passed through its maxi-

L,
Fig. 37.78

Ly

mum, that across L, i.e. YBis in-
creasing and approaching its maxi-
mum, that across L, is decreasing
having passed through its maximum
carlier. Hence, the lamps will light
up one after the other in the order 3,
2,1;3,2, 1, etc. which is justthe
reverse of the first order. Usually,
the three lamps are mounted at the
three corners of a triangle andthe 7, ()
apparent direction of rotation of light

Fig. 37.79

Fig. 37.80
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indicates whether the incoming alternator is running too fast or too slow (Fig. 37.81). Synchronization is
done at the moment the uncrossed lamp L, is in the middle of the dark period. When the alternator
voltage is too high for the lamps to be used directly, then usually step-down transformers are used and the
synchronizing lamps are connected to the secondaries.

It will be noted that when the uncrossed lamp L, is dark, the other two ‘crossed’ lamps L, and
L are dimly but equally bright. Hence, this method of synchronizing is also sometimes known as ‘two bright
and one dark’ method.

It should be noted that synchronization by lamps is not quite
accurate, because to a large extent, it depends on the sense of Fast Slow
correct judgement of the operator. Hence, to eliminate the ele- — | —a
ment of personal judgment in routine operation of alternators, the
machines are synchronized by a more accurate device called a
synchronoscope. It consists of 3 stationary coils and arotating
iron vane which is attached to a pointer. Out of three coils, a pair
is connected to one phase of the line and the other to the corre-
sponding machine terminals, potential transformer being usually
used. The pointer moves to one side or the other from its vertical
position depending on whether the incoming machine is too fast or

. . . Fig. 37.81
too slow. For correct speed, the pointer points vertically up. 9

Example 37.42. In Fig. 37.74, E; = 220 V and f; = 60 Hz, whereas E,= 222 V and f, = 59 Hz.
With the switch open, calculate

@) maximum and minimum voltage across each lamp.
() frequency of voltage across the lamps.
(@) peak value of voltage across each lamp.
() phase relations at the instants maximum and minimum voltages occur.

W) the number of maximum light pulsations/minute.

Solution. (i) E, /lamp = (220 + 222)/2 =221V
E i/lamp = (222 - 220)/2=1.0 V
(i) f=0—-/f)=(60-59)=1.0Hz
(i) Ejea = 221/0.707 =313 V

(iv) in-phaseandanti-phase respectively in the local circuit.
(\’] No. of pulsation/min = (60 — 59) x 60 =60.

Synchronizing Current

Once synchronized properly, two alternators continue to run in synchronism. Any tendency on the part
of one to drop out of synchronism is immediately counteracted by the production of a synchronizing torque,
which brings it back to synchronism.

When in exact synchronism, the two alternators have equal terminal p.d.’s and are in exact phase
opposition, so far as the local circuit (consisting of their armatures) is concerned. Hence, there is no current
circulating round the local circuit. As shownin Fig. 37.82 (b)e.m.f. E£| of machine No. 1 is in exact phase
opposition to the e.m.f. of machine No. 2 i.e. E,. It should be clearly understood that the two e.m.f.s. are
in opposition, so far as their local circuit is concerned but are in the same direction with respect to the
external circuit. Hence, there is no resultant voltage (assuming £, = £, in magnitude) round the local circuit.



1460 Electrical Technology

Butnow suppose that due to change in the speed of the governor of second machine, E, falls back* by a
phase angle of a electrical degrees, as shown in Fig. 37.82 (c) (though still £, =E,). Now, they have a
resultant voltage E,, which when acting on the local circuit, circulates a current known as synchronizing
current. The value of this current is given by /¢y =E, /Zgwhere Z is the synchronous impedance of the
phase windings of both the machines (or of one machine only if'it is connected to infinite bus-bars**).
The current /gy lags behind £, by an angle 6 given by tan 6 =X,/ R, where X is the combined synchronous
reactance of the two machines and R, their armature resistance. Since R, is negligibly small, 0 is almost 90
degrees. So Isylags £,.by 90° and is almost in phase with E|. It is seen that /gy is generating current
with respect to machine No.1 and motoring current with respect to machine No. 2 (remember when the
current flows in the same direction as e.m.f., then the alternator acts as a generator, and when it flows in the
opposite direction, the machine acts as a motor). This current /g, sets up a synchronising
torque, which tends to retard the generating machine (i.e. No. 1) and accelerate the motoring machine
(i.e. No. 2).

Similarly, if £, tends to advance in phase [Fig. 37.82 (d)], then /¢y, being generating current for machine
No. 2, tends to retard it and being motoring current for machine No. 1 tends to accelerate it. Hence, any
departure from synchronism results in the production of a synchronizing current /5, which sets up synchro-
nizing torque. This re-establishes synchronism between the two machines by retarding the leading machine
and by accelerating the lagging one. This current /gy, it should be noted, is superimposed on the load
currents in case the machines are loaded.

Synchronizing Power

Consider Fig. 37.82 (c¢) where machine No. 1 is generating and supplying the synchronizing power
= E Iy cos ¢, which is approximately equal to £/, ( ¢, is small). Since ¢, = (90° — 0), synchronizing
power = E Iy cos ¢, = E Iy cos (90°— 0) = E, Iy, sin 0 = E| I, because 0 = 90° so that

/
Lt L 4 S.— A El
Ra Ra
Xy X e
TEl TEZ
- g - vV E,
(@) @)
Fig. 37.82

sin O = 1. This power output from machine No. 1 goes to supply () power input to machine No. 2 (which
is motoring) and (b) the Cu losses in the local armature circuit of the two machines. Power input to machine
No. 2 is E, Iy cos ¢, which is approximately equal to £, /.

E, Igy= E, Isy+ Cu losses

Now, let E, = E,= E (say)

Then, E.=2 E cos [(180° — a)/2]*** = 2E cos [90° — (0/2)]

* Please remember that vectors are supposed to be rotating anticlockwise.

** Infinite bus-bars are those whose frequency and the phase of p.d.’s are not affected by changes in the
conditions of any one machine connected in parallel to it. In other words, they are constant-frequency,
constant-voltage bus-bars.

**% Strictly speaking, £,.=2E sin 0. sin o/2 = 2F sin o/2.
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=2Esino/2=2Exa/2=0FE (- o is small)
Here, the angle o is in electrical radians.

Now, Igy= E, ~E _CE

synch. impedance Zj T2Xg 22X

—if R, of both machines is negligible
Here, X represents synchronous reactance of one machine and not of both as in Art. 37.31 Synchro-
nizing power (supplied by machine No. 1) is
Pgy=E Igycos ¢, = E Igycos (90° — 0) = Elgysin 0 = El gy
Substituting the value of /gy from above,
fsy =F.aERZ; = ocEQ/ZZS = ocEz/ZXS —per phase
(more accurately, Pgy= o E sin 0/2X)
Total synchronizing power for three phases
=3P =3 0E*/2X (og 3 oE” sin 0/2X)
This is the value of the synchronizing power when two alternators are connected in parallel and are on
no-load.

Alternators Connected to Infinite Bus-bars

Now, consider the case of an alternator which is connected to infinite bus-bars. The expression for
Pgy given above is still applicable but with one important difference i.e. impedance (or reactance) of only
that one alternator is considered (and not of two as done above). Hence, expression for synchronizing
power in this case becomes

E. = oF —as before
Iyy = E/Zg=E/Xg = aE/Xg —if R, isnegligible
.. Synchronizing power Pgy =E Iy, =EoE/Zg= OLEZ/ZS = OCEZ/XS — per phase
Now, E/Z¢=E/X¢=S.C. current [
2 P =okF /XSZISqE.E/X §=0FE.Igy —per phase

(more accurately, Pgy= a.E sin 0/X= a.E.Igc.sin 0)

Total synchronizing power for three phases = 3 Py
Synchronizing Torque Tgy

Let Ty be the synchronizing torque per phase in newton-metre (N-m)

(@ When there are two alternators in parallel
21 Ng P aE’ /12X

— =Py . Ty =Y = SN-m
60 SIS T NG 160 27 Ny /60
2
Total torque due to three phases. = 3Py :ﬁ%-{an
TNg /60 27Ng /60
(b) Alternator connected to infinite bus-bars

Tsyx

21N P oE’ /X
o T >(<)O_S =Pgy or Tep—__ SY _  SNy2nNg/
60 21Ng/60
3p 30E% /X
Again, torquedueto3phase = ___S¥ SN\ 2nNg/
60 21N /60

where Ng= synchronous speed in r.p.m. = 120 f/P
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Effect of Load on Synchr onizing Power

2

In this case, instead of Pg,= o £ /X, the approximate value of synchronizing power would be
= oEV/Xywhere V is bus-bar voltage and E is the alternator induced e.m.f. per phase. The value of E=V
+1Zg

Asseen from Fig. 37.83, for a lagging p.f., .

E=(Vcos+IR) +(Vsin ¢+ IXy]" K-

Example 37.43. Find the power angle when a 1500-kVA, o N
6.6 kV, 3-phase, Y-connected alternator having a resistance of IR
0.4 ohm and a reactance of 6 ohm per phase delivers full-load J
current at normal rated voltage and 0.8 p.f. lag. Draw the 0 o I
phasor diagram. -

Fig. 37.83
(Electrical Machinery-II, Bangalore Univ. 1981)

Solution. It should be remembered that angle o between V and E is known as power angle (Fig.
37.84)

IX,

Full-load I=15x10"/ 3 6600 =131 A
IR, =131 x 0.4 =524V, [Xg=131x 6
=786V
B
V/phase = 6600/~/3 =3810V;
& = cos™ (0.8) = 36°50' S
As seen from Fig. 37.84 © 0 g
tan (¢ + )= AB :V sin ¢+ IXg o 52.4V
0A Vcosp+ IR, o ‘V%Sl
_3810x0.6+786 o9, o ¢ i
3810 x 0.8 +52.4 i
(0+0) = 44° . o=44°— 36°50= 7°10' Fig. 3784
The angle a is also known as load angle or torque angle.
Alternative Expression for SynchronizingPower
Asshownin Fig. 37.85, let 'and E (or E,)) be the terminal -

voltage and induced e.m.f. per phase of the rotor. Then, taking V' >
=V £ 0°, the load current supplied by the alternator is
BV _EZa-VZ(

Zg Zg 20
£ a-0-X, 0
s Zs o< e
=—[cos (0 — o) —j sin (0 — )] o
Zﬁ L. /’\s‘!
= ——(cos 6— sin 0) I

s Fig. 37.85
Jﬁ cos (60— a) —Z—V cos 61| -j r|£ sin (6— o) ¥ sin 0 ! |

|
Z VA
L s s i s s |
These components represent the / cos ¢ and / sin ¢ respectively. The power P converted internally is
given be the sum of the product of corresponding components of the current with £ cos o and £ sin o..

Nl
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|sin a |—£ sﬂn (CEX))] r sin O |
Z VA
[E cos L 131 f = ] Ls s ]
z GJ -E LZS .cos (0 + (l)j =, [Ecos®—V(cos 0+ a)] —per phase*
s s

Now, let, for some reason, angle o be changed to (o + 3). Since V'is held rigidly constant, due to
displacement + 5, an additional e.m.f. of divergence i.e. I, =2E. sin a/2 will be produced, which will set up
an additional current /¢y given by I, = E,/Zs. The internal power will become

P'= E[ECOSO— Vcos (0 + axd)
Z,

[ E y
. P=FEcosa cos(0—a)——cosO — FE
TS ( ) 9

—E|

S
The difference between Pand P gives the synchronizing power.

EV
— pp= ~—[cos(®+ta)—cos(®+axd
Py = P = leos(0+0) ( )]

s

) = Z[sin S.sin(0+a)£2cos(0+ ) sin’ 8/2]
I is very small, then sin (8/2) is zerg), hence Pgyper phase is
Pgy= EV i (0+ o) sin & (1)
Z

s
@) Inlarge alternators, R, is negligible, hence tan 6 = X{/R = oo, so that 6 = 90°. Therefore,
sin (0 + o) = cos o..
EV . h ..
Pgy= P cos a sin 8 — per phase (i)
s
EV

= cosa sind  —perphase ..(iid)
Xs

@ii) Considerthe case of synchronizing an unloaded machine on to a constant-voltage bus-bars. For
proper operation, o= 0 so that £ coincides with V. In that case, sin (0 + o) =sin 0.

P~ Esin@sin5 —from (i) above.

Zs
Since & is very small, sin 6 =9,
P = EY dsin 0= 114 Ssin O Usually, sin 0= 1, hence
sy
P —E_;SS**=V(|A£§\ 5|= V(£\5—| Vi .8 —perphase
Zs \Zs ) (Xs )
Parallel Operation of Two Alternators I L
Consider two alternators with identical speed/load char- b
acteristics connected in parallel as shown in Fig. 37.86. The Z 2
common terminal voltage V is given by ” z
V=E -1,Z,=E,-1,Z,
~E-E,=17Z-1Z, E, E
Also I=1,+Land V=1Z _ _
: E=1LZ+1Z=1,(Z+Z)+1LZ 4
Fig. 37.86
__________________ e
* In large machines, R is very small so that 6 = 90°, hence P=""Vcos(90°x) =""Vsino=oEV/Zg
a Zs Zs
V2 6V2 —if a.is so small that sin o. = o
** With £ = V, the expression becomes P, = — Itis the same as in Art. 37.33 —per phase

Zg7 Xg
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E,=LZ,+1Z=1,(Z+Z,) +1,Z
o BB ZrEZ,
VT Z(Zy+ Lyt L2,
(EZ_EI)Z+E2Z1 .
L= 7@+ 7,)+2,2,
E1Z2+E2Zl

I=
7 (Z,+1,)+Z1,Z,
E -V E,-V
v=1z= E/Z,+E]7Z, ;I="1 ;I="2

L+ I, +(L2yzy 'z, 1 L
The circulating current under no-load condition is I - = (E; — E,)/(Z; + Z,).

Using Admittances

The terminal Voltage may also be expressed in terms of admittances as shown below:
V=1Z=(1,+1)Z o1 +1, = VIZ=VY ()

Also I,= (E,— V)/Z,=(E,- V)Y, ; L= (E,— V)/Z,= (E,~- V)Y,
L+1, = (E,-V) Y, +(E,- V)Y, ...(ii)

From Eq. (7) and (ii), we get
E, Y, +EY,
VY =(E,-V)Y; + (E,-V)Y; or V—m
Using Parallel Generator Theorem
V=1Z=(1 (E,-V_E,-V)
+1)Z= —%‘
] |k Z J
= |% EZNDZ V|(\Z + Z1\|)
1 2
yld,a,1) +E§ =1 =1

‘\Z VA Zzb Z_l Z_2 SC1 sSC2 Ne

where I, and I, are the short-circuit currents of the two alternators.

If 1 - (1+1+1), “then V x—+ =1 orV=21
Z, |\Z 7, 7,) z, SC 0SC

Example 37.44. A 3,000-kVA, 6-pole alternator runs at 1000 r.p.m. in parallel with other
machines on 3,300-V bus-bars. The synchronous reactance is 25%. Calculate the synchronizing
power for one mechanical degree of displacement and the corresponding synchronizing torque.

(Elect. Machines-I, Gwalior Univ. 1984)

Solution. It may please be noted that here the alternator is working in parallel with many alternators.
Hence, it may be considered to be connected to infinite bus-bars.

Voltage/phase = 3,300/ /3 = 1905 V

F.L. current I=3%x10% 3 x3300=525A
Now, IXg = 25%0f 1905 .. Xg=0.25 x 1905/525 = 0.9075 ©
Also, Pyy=3xaE/X

Here o = 1°(mech.); a (elect.) =1 x (6/2) =3°
: o =3 x /180 = /60 elect. radian.
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3 xm x 1905
Poy= — 7 _6284kW
60 % 0.0075 x 1000
P 3
o= " =955 _ 955 9282510 6000 N-m
ZTEN
S S

Example 37.45. A 3-MVA, 6-pole alternator runs at 1000 r.p.m on 3.3-kV bus-bars. The

synchronous reactance is 25 percent. Calculate the synchronising power and torque per mechanical
degree of displacement when the alternator is supplying full-load at 0.8lag.

(Electrical Machines-1, Bombay Univ. 1987)

Solution. ¥'=3,300/ /3 =1905 V/phase, F.L.7=3 x10% /3 x 3,300 =525 A
IX¢=25% of 1905 =476 V; X;=476/525 = 0.9075 Q)
Let, 1=525 £ 0°, then, V=1905 (0.8 +0.6) = 1524 +,1143
E)=V +IXg= (1524 +,1143) + (0 +j476) = €11524 +j1619) = 2220 £ 46°44'
Obviously, E leads / by 46°44. However, V'leads /bycos (0.8) =36°50!
Hence, o = 46°44’ 36°50=9°54'
o = 1;’59nech.), No. ofgsiizrooillog}%s =6/2=3 .. a=1x3=3°Clect.)
P perphase= == cosasind="—_—  xcos9°545in3 2218 kW
sr X 0.9075
Py for three phases =3 x 218 = 654 kW
T4y =9.55x P ¢ /Ng=9.55x 654 x 10%/1000 = 6245 N-m
Example 37.46. A 750-kVA, 11-kV, 4-pole, 3-¢, star-connected alternator has percentage

resistance and reactance of 1 and 15 respectively. Calculate the synchronising power per mechanical
degree of displacement at (a) no-load (b) at full-load 0.8 p.f. lag. The terminal voltage in each case

is11kV. (Electrical Machines-I1, Indore Univ. 1985)
Solution. F.L. Current 1= 75x 103 x 11x 10° =40 A

V,y= 11,000/ 3% 6,350 V, IR, = 1% of 6,350 = 63.5

or 40 R,=63.5,R,= 1.6 2; 40 x Xg=15% 0f 6,350 =952.5V
Xg=2380;Z= \16>+238> =23.8Q
(a) No-load

o (mech) = 1°: a (elect) = 1 x (4/2) =2°
=2 x /180 = /90 elect. radian.

p _OE’ _aE’ _(n/90)x6350° /\Q\\\:ﬁ/ "
STz T X 23.8 o2
=59,140 W = 59.14 kW/phase. 6 /&?ﬁ\‘\‘
On no-load, ¥ has been taken to be equal to E. /\ =
(b) F.L. 0.8 p.f. . N 0=36°50" —
Asindicated in Art. 37.35, Pgy=0EV/X;. The value Fia. 37.87
of E (or E) can be found from Fig. 37.87. 9. 37

E = [(Vcosd+IR) + (Vsin +1XS)2]”2

=[(6350 x 0.8 + 63.5)> + (6350 x 0.6 + 952.5)*]"* = 7010 V

_GEV_(m/90)xT010x6350 _
& = x 23.8 :




= 65.29 kW/phase
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More Accurate Method [Art. 37.35]
EV :
Pov= cos o sin &
SY X
Now, E=7010 V,V=6350V,5=1°x (4/2) = 2° (elect)
As seen from Fig. 37.87, sin (¢ + o) = AB/OB = (6350 x 0.6 + 952.5)/7010 = 0.6794
(p+a) = 42°305 a.=42°30" 36°50= 5°40'
p =TUO=630, ¢ 500 san2 ©
S 23.8
=7010 x 6350 x 0.9953 x 0.0349/23.8 = 64,970 W = 64.97 kW/phase
Note. It would be instructive to link this example with Ex. 38.1 since both are concerned with synchronous
machines, one generating and the other motoring.

Example 37.47. 4 2,000-kVA, 3-phase, 8-pole alternator runs at 750 r.p.m. in parallel with
other machines on 6,000 V bus-bars. Find synchronizing power on full-load 0.8 p.f. lagging per
mechanical degree of displacement and the corresponding synchronizing torque. The synchronous
reactance is 6 ohm per phase.(Elect. Machines-II, Bombay Univ. 1987)

Solution. Approximate Method
As seen from Art. 37.37 and 38, Pgy= olEV/X —per phase
Now o = 1°(mech); No. of pair of poles = 8/2 =4;
a=1x4=4°(elect)
=47n/180 = 1/45 elect. radian
V'=6000/+/3 = 3,465 —assuming Y-connection

F.L. current 7= 2000 x 10> / +/3 x 6000 = 192.4 4

As seen from Fig. 37.88,

E =[(Vcos )’ + (Vsind+ 1)@2]”2 =4295V

0 2 212

=[(3465 x 0.8) + (3465 x 0.6 + 192.4 x 6) ]
=4295V

Pgy=(m/45) x 4295 x 3465/6 = 173,160 W
=173.16 kW/phase

Py, for three phases =3 x 173.16 = 519.5 kW

If Ty is the total synchronizing torque for three phases in
N-m, then

Tgy=9.55 Pgy/Ng=9.55 x 519,500/750 = 6,614 N-m

Exact Method

As shown in the vector diagram of Fig. 37.89, L is v
full-load current lagging V by ¢ = cos™ (0.8) = 36°50! ¢ S

The reactance drop is LXjand its vector is at right angles
to (lag.)*. The phase angle between Ejand V'is a.
F.L. current /= 2,000, 000 / /3 x 6,000
=1924 A
Let, 1=192.4 £0°
V =3,465(0.8+;0.6)=2,772+;2,079

Q 1154.4V

Fig. 37.88

Earlier, we had called this e.m.f. as £ when discussing regulation.
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X¢=192.4x6=1154V=(0+;1154)V
E,=V +IX{

=(2,772+2,079) + (0 +j 1154)

=2,772 +; 3,233 =4,259 £ 49°24’
o =49°24" 36°50= 12°34’
Egy = 2F sin 6/2 = 2E,,sin(4°/2)

=2x4,259%x0.0349=2973V

I4y=1297.3/6 =49.55 A
As seen, V'leads I by ¢ and Iy leads I by (¢ + o + 6/2), hence I, leads V'by (o + 8/2) = 12°34%+
(4°/2) = 14°34!

Pgy/phase = Vigy cos 14°34= 3465 x 49.55 x cos 14°34% 166,200 W = 166.2 kW
Synchronising power for three phases is = 3 x 166.2 = 498.6 kW
If Ty is the total synchronizing torque, then Ty x 21 x 750/60 = 498,600

Tsy=9.55 x 498,600/750 = 6,348 N-m

Alternative Method
We may use Eq. (iii) of Art. 37.36 to find the total synchronizing power.
EV .
— — cosasind —per phase
Pgy X, perp
Here, E = 4259V ;V=3,465V; a=12°34!5=4° (elect.)

Pg/phase = 4,259 x 3, 465 tos 12° 34’ 5in 4°/6
=4,259 x 3,465 x 0.976 x 0.0698/6 = 167,500 W = 167.5 kW
Pgyfor 3 phases =3 x 167.5 = 502.5 kW
Next, Tgymay be found as above.
Example 37.48. 4 5,000-kV A, 10,000 V, 1500-r.p.m., 50-Hz alternator runs in parallel with
other machines. Its synchronous reactance is 20%. Find for (a) no-load (b) full-load at power factor
0.8 lagging, synchronizing power per unit mechanical angle of phase displacement and calculate the

synchronizing torque, if the mechanical displacement is (.5°.
(Elect. Engg. V,M.S. Univ. Baroda, 1986)

Solution. Voltage /phase =10,000 / 3= 5,715V
Full -load current = 5,000, 000 /\[5 x 10, 000 =288.7 A
) _20 5775 4Q’PZMZM=4
100 288.7 Ng 1500
o= 1° (mech.) ; No. of pair of poles = Soa=1x2=2°(elect.) =2 n/180 = n / 90 radian

(@ Atno-load
3o E’ 3 T 5,775

_ =3X__ X =
PSY XS 90 4 %1000 873.4 kW
Ty =9.55x (873.4 x 10°)/1500 = 5,564 N-m
Tsyfor 0.5° = 5564/2 = 2,782 N-m

(b) At F.L. p.f. 0.8 lagging
Let 1=288.7 £0° Then V=5775 (0.8 +, 0.6) = 4620 +j 3465

1.Xg=288.7 £ 0°x 4 £ 90°= (0 +, 1155)
Ey=V + IXg = (4620 + j3465) + (0 + j1155)
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= 4620 + ;4620 = 6533 £45°
cosd = 0.8, ¢=cos ' (0.8)=36°50'
Now, £, leads I by 45° and V'leads / by 36° 50! Hence, E, leads V'by (45° —36°50) =8°10f.c.a
=8°10! Asbefore, 5 =2° (elect).

EV .
= cos asin &
As seen from Art. 37.36, Pgy= x5 —per phase

= 6533 x 5775 x cos 8° 10" 8in 2°/4 =326 kW

Py for three phases = 3 x 326 = 978 kW
T/ unit displacement = 9.55 x 978 x 10°/1500 = 6,237 N-m

TSonr 0.5° displacement = 6,237/2 = 3118.5 N-m
(©) Wecouldalso use the approximate expression of Art. 37.36
Pgyperphase = o E V/Xg= (n/ 90) x 6533 x 5775/4 =329.3 kW

Example 37.49. Two 3-phase, 6.6-kW, star-connected alternators supply a load of 3000 kW at
0.8 p.f. lagging. The synchronous impedance per phase of machine 4 is (0.5 + j10) Q and of
machine B is (0.4 + j 12) Q. The excitation of machine A is adjusted so that it delivers 150 A at a
lagging power factor and the governors are so set that load is shared equally between the machines.

Determine the current, power factor, induced e.m.f. and load angle of each machine.
(Electrical Machines-1I, South Gujarat Univ. 1985)

Solution. Itis given that each machine carries a load of 1500 kW. Also, V"= 6600/ \B =3810 V.
Let V=3810 £ 0°= (3810 +0).
For machine No. 1
J3/6600 x 150 x cos ¢, = 1500 x 10°;
cos ¢; = 0.874, ¢,=29°; sin ¢, =0.485

Total current 7 = 3000/ \3 x 6.6 x 0.8 =328 A

or I = 828(0.8—-70.6)=262—; 195
Now, I,=150(0.874 —j 0.485) =131 -, 72.6
: I,=(262—-;195)— (131 -/ 72.6) Fig. 37.90
= (131 -5 124.4)
or 1,=181 A, cos ¢, = 131/181 = 0.723 (lag).
E,=V+1,Z,=3810+ (131 — 72.6) (0.5 +;10)
= 4600 + ;1270
Line valueof e.m.f. = .3 (316002 +1270°) =8260V
Loadangle =(1270/4600) = 15.4°
EB V+1,Z,=3810+ (131 —j124.4) (0.4 +12)
= 5350 +,1520
Line valueofe.m.f =3 55502 1152020 =9600V
Load angle o, = tan”' (1520/5350) = 15.9°

Example 37.50. Two single-phase alternator operating in parallel have induced e.m.fs on open
circuit of 230 £ 0° and 230 £ 10° volts and respective reactances of j2 Q and j3 Q. Calculate
(i) terminal voltage (ii) currents and (iii) power delivered by each of the alternators to a load of
impedance 6 Q) (resistive). (Electrical Machines-II, Indore Univ. 1987)

Solution. Here, Z,=j2,Z,=/.3,Z=06;E;=230 £ 0°and
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E, =230 2 10° =230 (0.985 + 0.174) = (226.5 +j 39.9), as in Fig. 37.90
(i1 _(Er—Ey) Z+E\Z, _[(230 +0) = (226.5 +39.9)] x 6 +230 x j3

Y22+ 2) + 2,2, 6(j2-3)+j2%,3
= 143 -/3.56=14.73 £ — 14° —Art. 37.38
_(E,—E)Z+E,Z, _(=3.5+/39.9) +(222.5 + j39.9) x ;2

? Z(Z, +2,)+ 2,7, 6(j2+/3)+/2x j3

= 22.6-/1.15=22.63 £ -3.4°
@) I=1,+1,=369-,471=372 £-73°
V=1Z=(369—j471)x 6=221.4—,283=2232 / —7.3°
(i) P, = V1 cosd =2232x 14.73 x cos 14° = 3190 W

P, = VIcosd,=223.2 x 22.63 x cos 3.4° = 5040 W
Tutorial Problem No. 37.6.

1. Calculate the synchronizing torque for unit mechanical angle of phase displacement fora 5,000-kVA,
3-¢ alternator running at 1,500 r.p.m. when connected to 6,600-volt, 50-Hz bus-bars. The armature
has a short-circuit reactance of 15%. [43,370 kg-m|] (City & Guilds, London)

2. Calculate the synchronizing torque for one mechanical degree of phase displacement ina 6,000-kVA,
50-Hz, alternator when running at 1,500 r.p.m with a generated e.m.f. of 10,000 volt. The machine
has a synchronous impedance of 25%.

[544 kg.m| (Electrical Engineering-I111, Madras Univ. April 1978; Osmania Univ. May 1976)

3 A 10,000-kVA, 6,600-V, 16-pole, 50-Hz, 3-phase alternator has a synchronous reactance of 15%.
Calculate the synchronous power per mechanical degree of phase displacement from the full load
position at power factor 0.8 lagging. [10 MW] (Elect. Machines-I, Gwalior Univ. 1977)

4 A 6.6 kV,3-phase, star-connected turbo-alternator of synchronous reactance 0.5 ohm/phase is ap-
plying 40 MVA at 0.8 lagging p.f. to a large system. Ifthe steam supply is suddenly cut off, explain
what takes place and determine the current the machine will then carry. Neglect losses.

[2100 A] (Elect. Machines (E-3) AMIE Sec. B Summer 1990)

5 A3-phase400kVA, 6.6 kV, 1500 rpm., 50 Hz alternator is running in parallel with infinite bus bars.
Its synchronous reactance is 25%. Calculate (7) for no load (i) full load 0.8 p.f. lagging the synchro-
nizing power and torque per unit mechanical angle of displacement.

[Rajive Gandhi Technical University, 2000] [(i) 55.82 kW, 355 Nw-m (ii) 64.2 kW, 409 Nw-m]

Effect of Unequal Voltages

Let us consider two alternators, which are running exactly in-phase (relative ~ £1
to the external circuit) but which have slightly unequal voltages, as shown in Fig.
R R P R o e R
earlier) is almost 90° behind £y and hence behind £, also. This lagging current
produces demagnetising effect (Art. 37.16) on the first machine, hence £ isre- Ly
duced. The other machine runs as a synchronous motor, taking almost 90° leading
current. Hence, its field is strengthened due to magnetising effect of armature  E,
reaction (Art. 37.16). This tends toincrease £,. These two effects act together
andhence lessen the inequalities between the two voltages and tend to establish
stable conditions.

Fig. 37.91

37.40. Distribution of Load

It will, now be shown that the amount of load taken up by an alternator running, in parallel with other
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machines, is solely determined by its driving torque i.e. by the power input to its prime mover (by giving it
more or less steam, in the case of steam drive). Any alternation in its excitation merely changes itskVA
output, but not its kW output. In other words, it merely changes the power factor at which the load is
delivered.

(@) Effect of Change in Excitation

Suppose the initial operating conditions of the two parallel alternators are identical i.e. each alternator
supplies one half of the active load (kW) and one-half of the reactive load (kVAR), the operating
power factors thus being equal to the load p.f. In other words, both active and reactive powers are divided
equally thereby giving equal apparent power triangles for the two machines as shown in Fig. 37.92 (b).
As shown in Fig. 37.92 (a), each alternator supplies a load current / so that total output current is
21

Now, let excitation of alternator No. 1 be increased, so that E, becomes greater than E,.
The difference between the two e.m.fs. sets up a circulating current /. = Iy, = (E| — E,)/2Zg which is
confined to the local path through the armatures and round the bus-bars. This current is superimposed on
the original current distribution. As seen, /- is vectorially added to the load current of alternator No. 1
and subtracted from that of No. 2. The two machines now deliver load currents /; and [, at
respective power factors of cos ¢, and cos ¢,. These changes in load currents lead to changes in
power factors, such that cos ¢, is reduced, whereas cos ¢, is increased. However, effect on the

2l

® ~ 4— Load kVAR —»| kVAR,
M/C T M/C-p 7/
N b 2 KW | &
1A 2 | / =
E} Load ¢ l | //
kW ! 0,
_______ L M/C1 T
kW,
o
No.1 L

@) (h) ©)
Fig. 37.92

kW loading of the two alternators is negligible, but kVAR, supplied by alternator No. 1 is increased,
whereas kVAR, supplied by alternator No. 2 is correspondingly decreased, as shown by the kVA triangles
of Fig. 37.92 (¢).

) Effect of C I KVAR,
Effect of Change in

Steam Supply or E, Eﬂ 12Vl / C//k\f \

Now, suppose that excita- £ £, E, KVAR, a

tions of the two alternators are M/C /,’ 0z

kept the same but steam supply to 1__/

alternator No. 1 is increased i.e. ‘ kW, e

power input to its prime mover is 0 i

increased. Since the speeds of the ] 0 O~

two machines are tied together by Equal Excitations Equal Excitations

their synchronous bond, machine  Equal Steam Supply Steam Supply-1>

No. 1 cannot overrun machineNo  Equal Speeds Steam Supply-2

2. Alternatively, it utilizes its in- Equal Speeds

creased power input for carrying (@) (b) ©

Fig. 37.93
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more load than No. 2. This can be made possible only when rotor No. 1 advances its angular position with
respect to No. 2 as shown in Fig. 37.93 (b) where E| is shown advanced ahead of E, by an angle a.
Consequently, resultant voltage £, (or E, qy) is produced which, acting on the local circuit, sets up a current / o
which lags by almost 90° behind E, but is almost in phase with £, (so long as angle o is small). Hence,
power per phase of No. 1 is increased by an amount = F Ly whereas that of No. 2 is decreased by the
same amount (assuming total load power demand to remain unchanged). Since /, has no appreciable
reactive (or quadrature) component, the increase in steam supply does not disturb the division of reactive
powers, but it increases the active power output of alternator No. 1 and decreases that of No. 2. Load
division, when steam supply to alternator No. 1 is increased, is shown in Fig. 37.93 (¢).

So, it is found that by increasing the input to its prime mover, an alternator can be made to take a
greater share of the load, though at a different power factor.

The points worth remembering are :

1. Theload takenup by analternators directly depends upon its driving torque or in other words,
upon the angular advance of its rotor.

2. Theexcitation merely changes the p.f. at which the load is delivered without affecting the load so
long as steam supply remains unchanged.

3. Ifinputto the prime mover of an alternator is kept constant, but its excitation is changed, then kVA
component of its output is changed, not kW.

Example 37.51. Two identical 3-phase alternators work in parallel and supply a total load of
1, 500 kW at 11 kV at a power factor of 0.867 lagging. Each machine supplies half the total power.
The synchronous reactance of each is 50 Q per phase and the resistance is 4 Q per phase. The field
excitation of the first machine is so adjusted that its armature current is 50 A lagging. Determine the
armature current of the second alternator and the generated voltage of the first machine.

(Elect. Technology, Utkal Univ. 1983)

Solution. Load current at 0.867 p.f. lagging is
13001000 56 4 A: cos ¢ = 0.867: sin ¢ = 0.4985
V3 x 11,000 x 0.887
Wattful component of the current = 90.4 x 0.867 = 78.5 A

Wattless component of the current=90.4 x 0.4985=45.2 A

Each alternator supplies half of each of the above two component when conditions are identical (Fig.
37.94).

Current supplied by each machine = 90.4/2 =452 A

Since the steam supply of first machine is not changed, the working components of both
machines would remain the same at 78.5 /2 = 39.25 A. But the wattless or reactive components would be
redivided due to change in excitation. The armature current of the first machine is changed from 45.2 A to
50 A.

Wattless component of the 1st machine = /507 -39.25" =31A
Wattless component of the 2nd machine =452-31=14.1A

The new current diagram is shown in Fig. 37.95 (a)

@ Armative currentof the 2nd alternator,, = +/39.25° + 14.1° =41.75 A
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Wattless Component

B 31A 452 A
26A 452A -
ey N 78.5 A A
5 /| MACHINE 2
Machine g / g ¢2N0. 2 ﬁ
¢ No. 2 539_25 A / EO g
c)X e N
39.25 A = o VSi
S £ ' /MACHINE f © in 0y
o IIEI/[:c}lune 0 VCos ¢, 200V ol
. 0
(a) ()
Fig. 37.94 Fig. 37.95

(i) Terminal voltage / phase= 11,000/ J3=6350V
Considering the first alternator,
IR drop =4 x 50 =200 V ; LX drop = 50 x 50 = 2,500 V
cos ¢, =39.25/50 = 0.785; sin ¢, = 0.62
Then, as seen from Fig. 37.95 (b)

E = (7 cos b+ IR +(Vsin ¢4 IX )

= \/(6,350 x 0.785 + 200)* + (6,350 x 0.62 + 2,500)> = 8,350 V

Line voltage =8350 x 3 =14,450V
Example 37.52. Two alternators A and B operate in parallel and supply a load of 10 MW at
0.8 p.f- lagging (a) By adjusting steam supply of A, its power output is adjusted to 6,000 kW and by
changing its excitation, its p.f. is adjusted to 0.92 lag. Find the p.f. of alternator B.
(b) If steam supply of both machines is left unchanged, but excitation of B is reduced so that its
p.f- becomes 0.92 lead, find new p.f. of A.
Solution. (a) cos ¢ =0.8, ¢ =36.9° tan ¢ = 0.7508; cos ¢, =0.92, ¢, =23°; tan ¢, = 0.4245
load kW =10,000, load kVAR = 10,000 x 0.7508 = 7508 (lag)
kW of A=6,000, kVARof A =6,000 x 0.4245 = 2547 (lag)
Keeping in mind the convention that lagging kVAR is taken as negative we have,
kW of B = (10,000 — 6,000) = 4,000 : kVAR of B = (7508 — 2547) = 4961 (lag)
. kVA of B=4,000 —j4961 = 6373 £ —51.1°; cos 5= cos 51.1° = 0.628
(b) Since steam supply remains unchanged, load kW of each machine remains as before but due to
change in excitation, kVARs of the two machines are changed.
kW of B =4,000, new kVAR of B = 4000 x 0.4245 = 1698 (lead)
kW of 4 = 6,000, new kVAR of A = —7508 — (+1698) = — 9206 (lag.)
new kVA of 4 = 6,000 — /9206 = 10,988 £ —56.9°; cos ¢, = 0.546 (lag)
Example 37.53. 4 6,000-V, 1,000-kVA, 3-¢ alternator is delivering full-load at 0.8 p.f. lagging.

Its reactance is 20% and resistance negligible. By changing the excitation, the e.m.f. is increased by
25% at this load. Calculate the new current and the power factor. The machine is connected to
infinite bus-bars.

1.000. 000 _ 875 A

3% 6, 600

Solution. Full-load current /=
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Voltage/phase = 6, 600/ /3 = 3,810 V c, -F
3810 x 20 5 o«
Reactance ==~ =8.7Q C, 7T\ =
87.5 x 100 /ﬂ(\, \
-7 e
IX=20% of 3810 =762 V ) ;’.‘. A,
In Fig. 37.96, current vector is taken along X-axis. ON -7 7 '\j‘ﬁ“":f v A
. . P o~ v — N
represents bus-bar or terminal voltage and is hence con-  E ) L Y
stant. 74 I
. . . . o0& - > X
Current / has been split up into its active and ‘\ P
reactive components / and / respectively. «-
NA,=[.X=525x7.8=457V £
AC =1.X=70x87=609V Fig. 37.96
11 R

Ey=0C, = \/[(V+ LX) X)T

= \/[(3,810 +457)" + 609’1 = 4,311V

When e.m.f. is increased by 25%, then E;becomes equal to 4,311 x 1.25 = 5,389 V

The locus of the extremity of £, lies on the line EF ' which is parallel to ON. Since the kW is unchanged,
I and hence I, X will remain the same. It is only the /. X component which will be changed. Let OC, be
the new value of £,. Then 4,C, =4,C, =X as before. But the [, X component will change. Let /be
the new line current having active component /, (the same as before) and the new reactive component /!
Then, /X = NA,

From right-angled triangle OC,A4

ghi-ang 52 B4+ 4 C? 5,389 = (3810 + V4 )* + 6097
2 2 2 2 2

VA, = 1546 Vor [,X = 1546

1,/=1546/8.7=177.7TA

.. New line current I= (70 +177.7) =191 A

New angle of lag, o= tan™' (177.7/70) = 68° 30: cos ¢= cos 68°30= 0.3665
As a check, the new power = /3 x6,600%x191x 0.3665 =800 kW

It is the same as before =1000 x 0.8 = 800kW

Example 37.54. 4 6,600-V, 1000-kVA alternator has a reactance of 20% and is delivering full-
load at 0.8 p.f. lagging. It is connected to constant-frequency bus-bars. If steam supply is gradually
increased, calculate (i) at what output will the power factor become unity (ii) the maximum load
which it can supply without dropping out of synchronism and the corresponding power factor.

Solution. We have found in Example 37.52 that
1=8754,X=8.7Q, Vlphase =3,810 V
Ey=4311V,1,=70 4, 1,=52.5 A and
IX=875%x87=762V
Using this data, vector diagram of Fig. 37.97 can be constructed.

Since excitation is constant, £, remains constant, the extremity of £, lies on the arc of a circle of radius
E, and centre O. Constant power lines have been shown dotted and they are all parallel to OV. Zero power
output line coincides with OV. When p.£. is unity, the current vector lies along OV, 1, Zis L to OV and cuts
the arc atB;. Obviously
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VB, = /(OB - 0V B,
= /4,311 - 3,810 =2018V \

Now Z=X - [ X=2018V
=1, =2018/8.7=232 A
@ .. poweroutputatu.p.f. o

Output Power
Lines

_ /3 x6,600 x 232
1000
(i) As vector OB moves upwards along the arc, o)
output power goes on increasing i.e., point B shifts on to
a higher output power line. Maximum output power is I
reached when OB reaches the position OB, where it is Fig. 37.97
vertical to OV. The output power line passing through B,
represents the maximum output for that excitation. If OB is further rotated, the point B, shifts downtoa
lower power line i.e. power is decreased. Hence, B,V'=1,Zwhere I, is the new current corresponding to
maximumoutput.
From triangle OB,V it is seen that
B,V = \/(OVZ +0B) =4(3,810°+4,311%) =5,753V
o IL,Z = 5753V .. ,=5753/87=661A
Let 7,5 and 1, be the power and wattless components of /,, then
L X=0B,=4311and [,,=4311/8.7=495.6 A
Similarly 1,,=3810/8.7 =438 A; tan ¢, = 438/495.6 =0.884
: ¢, = 41°28:cos ¢, =0.749
3 x 6,600 x 661 x 0.749

=2,652kW

o
\ /
Y-

VA

Max. power output = = 5,658 kW
1000

Example 37.55. 4 3-phase, star-connected turbo-al- G G
ternator, having a synchronous reactance of 10 Q per phase 1
and negligible armature resistance, has an armature cur- $o
rent of 220 A at unity p.f. The supply voltage is constant at \25 Eo
11 kV at constant frequency. If the steam admission is un- Q > e
changed and the e.m.f. raised by 25%, determine the cur- R6350V ! A,
rent and power factor. I

If the higher value of excitation is maintained andthe ! Fig. 37.98

steam supply is slowly increased, at what power output will
the alternator break away from synchronism ?

Draw the vector diagram under maximum power condition.
(Elect.Machinery-III, Banglore Univ.1992)
Solution. The vector diagram for unity power factor is shown in Fig. 37.98. Here, the current is

whollyactive.
0A4,=11,000/ 3£ 6,350 V
4,C,=220x10=2,200 V
Ey=\J(6350% + 2, 200*) = 6,810V

Whene.m.f.is increased by 25%, the e.m.f. becomes 1.25 x 6,810=8,512 V and is represented by
OC,. Since the kW remains unchanged, 4,C, =4, C,. If [is the new current, then its active component
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I, would be the same as before and equal to 220 4. Let its reactive component be /. Then
A4y =1 Xg=10 1
From right-angled A OA we have s
2S137= (6350 + 4 A ) +2,200

: A4, = 1870 V. . 10[,=1870 I,=187A
Hence the new current has active component of 220 A and a reactive component of 187 A.

New current = 1/2202 + 187> =1288.6 A

active component _ 220 _ 0.762 (lag)
total current 288.6

Since excitation remains constant, £ is constant. But as the steam supply is increased, the extremity of
E, lies on a circle of radius £ and centre O as shown in Fig. 37.99.
The constant-power lines (shown dotted) are drawn parallel to OV
and eachrepresents the locus of the e.m.f. vector for a constant power
output at varying excitation. Maximum power output condition is reached
when the vector £, becomes perpendicular to OV. In other words, when

the circular e.m.f. locus becomes tangential to the constant-power lines £,
i.e.atpoint B. If the steam supply is increased further, the alternator will

break away from synchronism.

B.V.= /6350% + 8,512 =10,620 V 0 v
Fig. 37.99
WX 10=10,620 or I, = 1,062 A

If Iy and I, are the active and reactive components of 7, , then
107, = 8512 .. I=8512A;101,=6,350 .. Iy=635A
Power factor at maximum power output = 851.2/1062 = 0.8 (lead)

Maximum power output = /3 x 11, 000 x 1062 x 0.8 x 107> = 16,200 kW

Example 37.56. Two 20-MVA, 3-$ alternators operate in parallel to supply a load of 35MVA at
0.8 p.f- lagging. If the output of one machine is 25 MVA at 0.9 lagging, what is the output and p.f.

New power factor =

B =32

Constant
Power Lines

of the other machine? (Elect. Machines, Punjab Univ. 1990)
Solution. Load MW =35 x 0.8 =28; load MVAR =35 x 0.6 = 21
First Machine cos ¢, = 0.9, sin ¢, = 0.436; MVA =25 MW, =25 x 0.9 =225
MVAR, =25 x 0.436=10.9
Second Machine MW,=MW -MW, =28 -225= 5.5

MVAR, = MVAR -~ MVAR, = 21 - 10.9 = 10.1
MVA,=  MW2 + MVAR 2 = /5.5 + 10.1> =115
cos ¢, = 5.5/11.5=0.478 (lag)

Example 37.57. 4 lighting load of 600 kW and a motor load of 707 kW at 0.707 p.f. are
supplied by two alternators running in parallel. One of the machines supplies 900 kW at 0.9 p.f.
lagging. Find the load and p.f. of the second machine.

(Electrical Technology, Bombay Univ. 1988 & Bharatiar University, 1997)

Solution.
Active Power kVA Reactive Power
(® Lighting Load (unityP.f)) 600 kW 600 —
(b) Motor, 0.707P.f. 707 kW 1000 707 k VAR
Total Load : 1307 By Phasor addition 707 k VAR
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One machine supplies an active power of 900 kW, and due to 0.9 lagging p.f., kVA = 1000 kVA
and its k VAR = 1000 x 4/(1 - 0.9%) =436 kVAR. Remaining share will be catered to by the second
machine.

Active power shared by second machine = 1307 — 900 = 407 kW
Reactive power shared by second machine = 707 — 436 = 271 kVAR

Example 37.58. Two alternators, working in parallel, supply the following loads :
(i) Lighting load of 500 kW (@) 1000 kW at p.f- 0.9 lagging
@iy 800 kW at p.f. 0.8 lagging @iv) 500 kW at p.f. 0.9 leading

One alternator is supplying 1500 kW at 0.95 p.f- lagging. Calculate the kW output and p.f of
the other machine.

Solution. We will tabulate the kW and kVAR components of each load separately :

Load kW kVAR
@) 500
1000
. x 0.436 = 485
@) 1000 0.9
800 x 0.6
.. =600
(iii) 800 0.8
500 x 0.436
; = =-242
@iv) 500 09
Total 2800 + 843

For 1st machine, it is given : kW = 1500, kVAR = (1500/0.95) x 0.3123 =493
.. kW supplied by other machine = 2800 — 1500 = 1300
kVAR supplied = 843 — 493 =350 .. tan ¢ 350/1300=0.27 .. cos $ =0.966
Example 37.59 Two 3-¢ synchronous mechanically-coupled generators operate in parallel on
the same load. Determine the kW output and p.f. of each machine under the following conditions:

synchronous impedance of each generator : 0.2 + j2 ohm/phase. Equivalent impedance of the load :
3 +j4 ohm/phase. Induced e.m.f. per phase, 2000 + jO volt for machine I and 2,2000 + j 100 for IL.

[London Univ.]

Solution. Current of Istmachine =1= E;—V orE -V = ll 0.2+,2)

102+ 72 !
Similarly E,-V=1(0.2+/2)
Also V=(,+1L,) (3 +,4) where 3 + j4 = load impedance
Now E,=2,000+,0, E,=2,200 + ;100
Solving from above, we get I; = 68.2 —;j 102.5
Similarly L,=127-;1964;1=1,+1,=195.2 —;299
Now V=1Z=(1922-;299) (3+,;4)=1781 -, 115.9

Using the method of conjugate for power calculating, we have for the first machine
Py = (1781 -5 115.9) (68.2 +; 102.5) = 133,344 +j 174,648
. kW, =133.344 kW/phase = 3 x 133.344 =400 kW —for 3phases
Now tan™ (102.5/68.2) = 56°24: tan™ (115.9/1781) =3°43’
for 1st machine ; cos(56°24- 3°43) = 0.6062
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PVA,= (1781 —j115.9) (127 +j 196.4) = 248,950 + j 335,069
kW, =248.95 kW/phase =746.85 kW —for 3 phases
tan"' (196.4/127) = 57°6¢ cos ¢ = cos (57°6' 3°43) = 0.596
Example 37.60. The speed regulations of two 800-kW alternators A and B, running in parallel,
are 100% to 104% and 100% to 105% from full-load to no-load respectively. How will the two
alternators share a load of 1000 kW? Also, find the load at which one machine ceases to supply any
portion of the load. (Power Systems-I, A.M.L.E. 1989)
Solution. The speed/load characteristics (assumed straight) for the alternators are shown in Fig.
37.100. Out of the combined load AB= 1000 kW, A’s share is AM and B’s share is BM. Hence, AM + BM
= 1000 kW. PQ is the horizontal line drawn through point C, which is the point of intersection.
From similar As GDA and
CDP, we have

E
105 105
CP_PD . i /
G4 AD o % 104
PD ol 3
cp =G4. L2 2 2
AD 2103 1032
Since, & &
PD=(4-h) 5102 Ie —102 §
- CP=800 (4 — h)/4 3 P ?lé
=200(4 — h) 101 A 0
Similarly, from similar As 1002 i ) i i i i i C,}N . Blioo
BEF and QEC, we get 0 200 400 M 600 800 1000
oc OF Load in kW
Br ~ BE " Fig. 37.100
0C = 800(5 — h)/5
=160 (5 — h)

- CP+ QC=1000 or 200 (4 — h) + 160 (5 — 1) = 1000 or & = 5/3
CP =200(4 - 5/3) =467 kW, QC =160 (5 — 5/3) = 533 kW
Hence, alternator 4 supplies 467 kW and B supplies 533 kW.
Alternator 4 will cease supplying any load when line PQ is shifted to point D. Then, load supplied by
alternator B (= BN) is such that the speed variation is from 105% to 104%.
Knowing that when its speed varies from 105% to 100%, alternator B supplies a load of 800 kW,
hence load supplied for speed variation from 105% to 100% is (by proportion)
=800 x 1/5=160 kW (= BN)

Hence, when load drops from 1000 kW to 160 kW, alternator 4 will cease supplying any portion of
this load.

Example 37.61. Two 50-MVA, 3-¢ alternators operate in parallel. The settings of the gover-
nors are such that the rise in speed from full-load to no-load is 2 per cent in one machine and 3 per
cent in the other, the characteristics being straight lines in both cases. If each machine is fully loaded
when the total load is 100 MW, what would be the load on each machine when the total load is 60
Mw? (Electrical Machines-II, Punjab Univ.1991)

Solution. Fig. 37.101 shows the speed/load characteristics of the two machines, NB is of the first
machine and M4 is that of the second. Base 4B shows equal load division at full-load and speed. As the
machines are running in parallel, their frequencies must be the same. Let CD be drawn through x% speed
where total load is 60 MW.
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CE=50-A4P=50—- 0
50 3 M—103
ED=50—- QB ="50-
CD=50~ (50/3)x+50—-25x }j 2
60 =5 (50/3)x+50 5x 3
x 94 . LE=100 E: % C &'-101 D
25 25 N E
Load supplied by Ist machine A p Q B
=ED=50—25xﬁ—26Mw <__S0MW L>0|:d S0 MW __ >
Load supplied by 2nd machine. Fig. 37.101
= CE=50 (50)>< 2z
- VT =34 M
3 25 — MW

Example 37.62. Two identical 2,000 -kVA alternators operate in parallel. The governor of the
first machine is such that the frequency drops uniformly from 50-Hz on no-load to 48-Hz on full-load.
The corresponding uniform speed drop of the second machines is 50 to 47.5 Hz (@) How will the two
machines share a load of 3,000 kW? (b) What is the maximum load at unity p.f. that can be delivered
without overloading either machine ? (Electrical Machinery-I1, Osmania Univ. 1989)

Solution. In Fig. 37.102 are shown the frequency/load characteristics of the two machines, AB is
that of the second machine and 4D that of the first. Remembering that the frequency of the two machines
must be the same at any load, a line MN is drawn at a frequency x as measured from point 4 (common

point).
Total load at that frequency is 50
NL + ML = 3000 kW
From As ABC and ANL, NL/2000 =x /2.5
o NL =2000 x/2.5 =800 x
Similarly, ML = 2000 x/2 = 1000x 49—
1800 x = 3000 or x = 5/3
Frequency = 50 — 5/3 = 145/3 Hz.
(a) NL =800 x 5/3 =1333 kW (assuming u.p.f.)
ML=1000 x 5/3 =1667 kW (assuming u.p.f.)
(b) For getting maximum load, DE is extended to cut
AB at F. Max. load = DF.
Now, EF =2000 x 2/3.5 = 1600 kW
". Max. load = DF = 2,000 + 1,600
=3,600 kW.

A
A

—>

=

l——
<

A T | Frequency

2000 »|

47.5
C LOAD

j= 2000 >
Fig. 37.102

Tutorial Problem No. 37.7

1. Two similar 6,600-V, 3-¢, generators are running in parallel on constant-voltage and frequency bus-
bars. Each has an equivalent resistance and reactance of 0.05 Q and 0.5 Q respectively and supplies
one halfofatotalload of 10,000 kW ata lagging p.f. of 0.8, the two machines being similarly excited.
If the excitation of one machine be adjusted until the armature current is 438 A and the steam supply
to the turbine remains unchanged, find the armature current, the e.m.f. and the p.f. of the other
alternator. [789 A, 7200 V,0.556] (City & Guilds, London)
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2 Asingle-phase alternator connected to 6,600-V bus-bars has a synchronous impedance of 10€2 and
aresistance of 1 Q. Ifits excitation is such that on open circuit the p.d. would be 5000 V, calculate
the maximum load the machine can supply to the external circuit before dropping out of step and the
corresponding armature current and p.f. [2864 kW, 787 A, 0.551] (London Univ.)

3 Aturbo-alternator having a reactance of 10 Q has an armature current of 220 A atunity power factor
when running on 11,000 V, constant-frequency bus-bars. If the steam admission is unchanged and
the e.m.f. raised by 25%, determine graphically or otherwise the new value of the machine current
and power factor. If'this higher value of excitation were kept constant and the steam supply gradu-
ally increased, at what power output would the alternator break from synchronism? Find also the
current and power factor to which this maximum load corresponds. State whether this p.f. is
lagging orleading.

[360 A at 0.611 p.f. ; 15.427 kW ; 1785 A at 0.7865 leading] (City & Guilds, London)

4 Two single-phase alternators are connected to a 50-Hz bus-bars having a constant voltage of
10 £ 0°kV. Generator 4 has an induced e.m.f. of 13 £22.6°kV and a reactance of 2 Q; generator
Bhasane.m.f. of 12.5 £36.9°kV and a reactance of 3 Q2. Find the current, kW and kVAR supplied
by each generator. (Electrical Machine-11, Indore Univ. July 1977)

5  Two 15-kVA, 400-V, 3-ph alternators in parallel supply a total load of 25 kVA at 0.8 p.f. lagging. If
one alternator shares half the power at unity p.f., determine the p.f. and kVA shared by the other
alternator. [0.5548; 18.03 kVA|] (Electrical Technology-11, Madras Univ. Apr. 1977)

6 Two3-¢, 6,600-V, star-connected alternators working in parallel supply the following loads :

(i) Lighting load of400 kW (i) 300 kW at p.f. 0.9 lagging
(iif) 400 kW at p.f. 0.8 lagging (iv) 1000 kW at p.f. 0.71 lagging

Find the output, armature current and the p.f. of the other machine if the armature current of one
machineis 110 A at 0.9 p.f. lagging. [970 kW, 116 A, 0.73 lagging]

7. A3-¢,star-connected, 11,000-V turbo-generator has an equivalent resistance and reactance of 0.5 Q
and 8 Q) respectively. It is delivering 200 A at u.p.f. when running on a constant-voltage and con-
stant-frequency bus-bars. Assuming constant steam supply and unchanged efficiency, find the
current and p.f. if the induced e.m.f. is raised by 25%. [296 A, 0.67 lagging]

8  Two similar 13,000-V, 3-ph alternators are operated in parallel on infinite bus-bars. Each machine
has an effective resistance and reactance of 0.05 QO and 0.5 Q respectively. When equally excited,
they share equally a total load of 18 MW at 0.8 p.f. lagging. If the excitation of one generator is
adjusted until the armature current is 400 A and the steam supply to its turbine remains unaltered, find
the armature current, the e.m.f. and the p.f. of the other generator.

[774.6 A; 0.5165 : 13,470 V] (Electric Machinery-1I, Madras Univ. Nov. 1977)

Time-perio d of Oscillation

Every synchronous machine has a natural time period of free oscillation. Many causes, including the
variations in load, create phase-swinging of the machine. If the time period of these oscillations coincides
with natural time period of the machine, then the amplitude of the oscillations may become so greatly devel-
oped as to swing the machine out of synchronism.

The expression for the natural time period of oscillations of a synchronous machine is derived below :
Let T = torque per mechanical radian (in N-m/mech. radian)
J=Xmr —moment of inertia in kg-m”.

The period of undamped free oscillations is given by =27 \/g .

We have seen in Art. 37.32 that when an alternator swings out of phase by an angle o (electrical
radian), then synchronizing power developed is

Py = aE/Z — ainelect. radian
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2
= E_ per electrical radian per phase.

VA
Now, 1 electrical radian = 1 x mechanical radian—where P is the number of poles.
2
2
. . . E°P
~. Pgyper mechanical radian displacement = 5=~

The synchronizing or restoring torque is given by

P 2
Ty= —L = LP —Nginr.p.s.
2nNg  4mZNg
3E’P
Torque for three phasesis ~ T=3T¢y,= . ——— where E is e.m.f. per phase ..(D)
4nZN
Now E/Z = short-circuit current = /g~

2
f = PNg/2 ; hence P/Ng=2 fIN
Substituting these values in (7) above, we have
3 (E) R W A
o -

SY - . - . .
4n \Z Ng sc Né Né

Now, t= 2n J =9.1 Ng —J— second

0477 E I f/ N E. Isc.f

e B LU )T f

NE)

~ 91N, \/1 J

J
= 91N,
s \/%,\BEL.I.(ISC/[).]

J
1000 ﬁ.EL.I[I

= 9.1NS\/,
/3

_ 9.1 x~ N J
V1000 5 N kVA . (Ige/ D) f

J
VA . (Uge /D). f
where kVA =full-load kVA of the alternator; Ng =r.p.s. of the rotating system
If Ng represents the speed in r.p.m., then

¢ =0.4984 N —J  -0.0083 Ng —J  second
60 VA (g /D). f VA U/ 1) .f

Note. It may be proved that /o // = 100/percentage reactance = 100/% Xj.

1= 0.4984 N

Vx %X, reactance drop Vx%Xg
— = —— X = = 0
Proof. Reactance drop = 1.X 100 s full-load current 100 x 7
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Now [V _Vx100xI_100 ;. fsc_ 100

Xy rx%xg %X I % Xg
For example, if synchronous reactances is 25 per cent, then
I/ =100/25 = 4 (please see Ex. 37.64)
Example 37.63. 4 5,000-kVA, 3-phase, 10,000-V, 50-Hz alternate runs at 1500 r.p.m. con-
nected to constant-frequency, constant-voltage bus-bars. If the moment of inertia of entire rotating

system is 1.5 x 10” kg.m’ and the steady short-circuit current is 5 times the normal full-load current,
find the natural time period of oscillation. (Elect. Engg. Grad. L.E.T.E. 1991)

Solution. The time of oscillation is given by

J
t=0.0083 NS JkVA Use/ DS - second

Here, Ng = 1500 r.p.m.; [/ =5%;J=15x 10*kg-m*; f=50Hz

4
t=0.0083 x 1500 |_15x10°  —q364s.
5000 x 5 % 50

Example 37.64. 4 10,000-kVA, 4-pole, 6,600-V, 50-Hz, 3-phase star-connected alternator has a
synchronous reactance of 25% and operates on constant-voltage, constant frequency bus-bars. If
the natural period of oscillation while operating at full-load and unity power factor is to be limited to
1.5 second, calculate the moment of inertia of the rotating system.

(Electric Machinery-II, Andhra Univ. 1990)

/ J
Solution. t=0.0083 Ny VA (g ! 1)f second.

Here Ie/I=100/25 = 4; Ng= 120 x 50/4 = 1500 r.p.m.

1.5=0.0083 x 1500 J — 12.45 x—Lf
10,000 x 4 x 50 10° x\2

J=(15x10° x f3/12.45)* =2.9 x 10* kg-m’

Example 37.65. 4 10-MVA, 10-kV, 3-phase, 50-Hz, 1500 r.p.m. alternator is paralleled with
others of much greater capacity. The moment of inertia of the rotor is 2 x 10° kg-m2 and the
synchronous reactance of the machine is 40%. Calculate the frequency of oscillation of the rotor.

(Elect. Machinery-I1I, Bangalore Univ. 1992)
Solution. Here, I/I=100/40 =2.5

x 10°

t=0.0083 x 1500 m

=5 second

Frequency = 1/5= 0.2 Hz.

* It means that synchronous reactance of the alternator is 20 %.
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Tutorial Problem No. 37.8

1. Show thatan alternator running in parallel on constant-voltage and frequency bus-bars has a natural
time period of oscillation. Deduce a formula for the time of one complete oscillation and calculate its
value for a 5000-kVA, 3-phase, 10,000 V machine running at 1500 r.p.m. on constant 50-Hzbus-
bars.

The moment of inertia of the whole moving system is 14112 kg-m* and the steady short-circuit
current is five times the normal full-load value. [1.33 second]

2 A10,000-kVA, 5-kV, 3-phase, 4-pole, 50-Hz alternator is connected to infinite bus-bars. The short-
circuit current is 3.5 times the normal full-load current and the moment of inertia of the rotating
system is 21,000 kg-m?. Calculate its normal period of oscillation. [1.365 second]

3. Calculate for full-load and unity p.f., the natural period of oscillation of a 50-Hz, 10,000-k VA, 11-kV
alternator driven at 1500 r.p.m. and connected to an infinite bus-bar. The steady short-circuit
current is four times the full-load current and the moment of the inertia of the rotating masses is
17,000 kg—mz. [1.148s.] (Electrical Machinery-II, Madras Univ. Apr. 1976)

4. Calculate the rotational inertia in kg-m2 units of the moving system of 10,000 kVA, 6,600-V, 4-pole,
turbo-alternator driven at 1500 r.p.m. for the set to have a natural period of 1 second when running
in parallel with a number of other machines. The steady short-circuit current of the alternator is five
times the full-load value. [16,828 kg-m2] (City & Guilds, London)

5 A3-¢,4-pole, 6,000 kVA, 5,000-V, 50-Hz star-connected alternator is running on constant-voltage
and constant-frequency bus-bars. It has a short-circuit reactance of 25% and its rotor has a mo-
ment of inertia of 16,800 kg-m?. Calculate its natural time period of oscillation. [1.48 second|

Maximum Power Output

For given values of terminal voltage, excitation and frequency, there is a maximum power that the
alternator is capable of delivering. Fig. 37.103 (a) shows full-load conditions for a cylindrical rotor where
IR ,drop has been neglected*.

The power output per phase is

VIX
P=VIcos ¢ = —}%M
s
Now, from A OBC, we get
Xy _ : E __E
sin o sin (90 + ¢) cos ¢
IXgcos ¢ = E sin a
p= EV sin a
X C
Powerbecomes maximumwhen >_5“‘
a=90°,if ¥, E and Xgare regarded
as constant (of course, £ is fixed by £
excitation).
o P =EV/Xg
It will be seen from Fig. 37.103
(b) that under maximum power 0 A
output conditions, / leads V' by ¢ and (@)

since LXgleads I by 90°, angle ¢ and
hence cos ¢ s fixed = E/IX.

In fact, this drop can generally be neglected without sacrificing much accuracy of results.
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Now, from right-angled A AOB, we have that IXg= \/E> + > . Hence, p.f. corresponding to maxi-

mum power output is
E

coshp = —
N

The maximum power output per phase may also be written as

E
Prox =V pax c0s ¢ =VI
max ma max \/m

where /,,, . represents the current/phase for maximum power output.

max
If I,is the full-load current and % /\;s ithhe percentage synchronous reactance, then

%x= ' %x100 .y _Ipx100
S 14 X %X
NOW, P =V E :El':E[f-X 100
max max

B+t X %X
Two things are obvious from the above equations.

100 /7 2 2
f X\[E +V

(i) Imax =

% Xg v
Substituting the value of %X from abOYSO
;o Iy JE+V?2 B+ 1
ma 07X XV X T =T

/Y E 100
_ 100Er, —£ 100, 1y
max 5 %GSS V % XS S
==. x F.L. power output at u.p.f.
Vo %X
Total maximum power output of %16 THsrnator is
== .7 x F.L. power output at u.p.f.
Vo %X

N

(i) P per phase

Example 37.66. Derive the condition for the maximum output of a synchronous generator
connected to infinite bus-bars and working at constant excitation.

A 3-¢, 11-kV, 5-MVA, Y-connected alternator has a synchronous impedance of (1 + j 10) ohm
per phase. Its excitation is such that the generated line e.m.f. is 14 kV. If the alternator is connected
to infinite bus-bars, determine the maximum output at the given excitation

(Electrical Machines-11II, Gujarat Univ. 1984)

Solution. For the first part, please refer to Art. 37.41

EV 4
P,.ax PCT phase = Xy — if R, is neglected = , (£ — ¥ cos 0) —if R is considered
Now, E= 14,000/ /3=8,083V;V=11,000/./3 =6352V
cos 0 =R /Zs=1./1>+10> = 1/10.05
8083 x 6352
hase=""— "= =535k
P per phase 10 x 1000 5,135 kW
Total P, .= 3x5,135=15405kW
6352 6352 _ 6352 7451
= —==(8083 - = X _

Moreaccurately, Py /phase =74 o5 ( 10.05  10.05 1000 = 4711 k)’\’

Total P, = 4711 x 3=14,133kW.
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Example 37.67. 4 3-phase, 11-kVA, 10-MW, Y-connected synchronous generator has synchro-
nous impedance of (0.8 + j 8.0) ohm per phase. If the excitation is such that the open circuit
voltage is 14 kV, determine (i) the maximum output of the generator (ii) the current and p.f. at the
maximum output.

(Electrical Machines-III, Gujarat Univ. 1987)

Solution. (7) If we neglect R *, the P, per phase = EV/Xg
where ¥ is the terminal voltage (or bus-bar voltage in general) and E the e.m.f. of the machine.

— (11000 / 33 (14,000 / 3/ 154.000 oy phase
8 24

Total P =3 x154,000/24 = 19,250 kW = 19.25MW
Incidentally, this output is nearly twice the normal output.

\/E2+V2 \/[(14, 000 /) + (11,0007 37]

max

P

max

(i) . X 3 - 1sTA
(i) pf= —E 14000 /4 =0.786 (lead).

JEZ+ 77 (14,000 7 + (11, 000/ 3

QUESTIONS AND ANSWERS ON ALTERNATORS

Q. 1. What are the two types of turbo-alternators ?

Ans. Vertical and horizontal.

Q. 2. How do you compare the two ?

Ans. Vertical type requires less floor space and while step bearing is necessary to carry the weight of
the moving element, there is very little friction in the main bearings. The horizontal type requires
no step bearing, but occupies more space.

Q. 3. What is step bearing ?

Ans. It consists of two cylindrical cast iron plates which bear upon each other and have a central
recess between them. Suitable oil is pumped into this recess under considerable pressure.

Q. 4. What is direct-connected alternator ?

Ans. One in which the alternator and engine are directly connected. In other words, there is no
intermediate gearing such as belt, chain etc. between the driving engine and alternator.

Q. 5. What is the difference between direct-connected and direct-coupled units ?

Ans. In the former, alternator and driving engine are directly and permanently connected. In the latter
case, engine and alternator are each complete in itself and are connected by some device such as
friction clutch, jaw clutch or shaft coupling.

Q. 6. Can a d.c. generator be converted into an alternator ?

Ans. Yes.

Q. 7. How ?

Ans. By providing two collector rings on one end of the armature and connecting these two rings to
two points in the armature winding 180° apart.

Q. 8. Would this arrangement result in a desirable alternator ?

Ans. No.

% [f R is notneglected, then P v (E—Vcos 6) wherecos O =R /Z  (Ex. 37.66)
a VA as
s

max
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Q. 9. How is a direct-connected exciter arranged in an alternator ?
Ans. The armature of the exciter is mounted on the shaft of the alternator close to the spider hub. In
some cases, it is mounted at a distance sufficient to permit a pedestal and bearing to be placed

between the exciter and the hub.

Q. 10. Any advantage of a direct-connected exciter ?

Ans. Yes, economy of space.
Q. 11. Any disadvantage ?

Ans. The exciter has to run at the same speed as the alternator which is slower than desirable. Hence

it must be larger for a given output than the gear-driven type, because it can be run at high speed

and so made proportionately smaller.

OBJECTIVE TESTS - 37

The frequency of voltage generated by an alter-
nator having 4-poles and rotating at 1800 r.p.m.
is hertz.

(a) 60 (b) 7200
(c) 120 (d) 450.

A 50-Hz alternator will run at the greatest
possible speed if it is wound for poles.

(a) 8 () 6

(c) 4 (@ 2.

The main disadvantage of using short-pitch wind-
ing in alterators is that it

(@) reducesharmonicsinthe generated voltage

(b) reduces the total voltage around the arma-
ture coils

() produces asymmetry in the three phase
windings
(d) increases Cu of end connections.

Three-phase alternators are invariably Y-con-
nected because

(a) magnetic losses are minimised

(b) less turns of wire are required

(c) smaller conductors can be used

(d) higher terminal voltage is obtained.

The winding of a 4-pole alternator having 36
slots and a coil span of 1 to 8 is short-pitched
by degrees.

(a) 140 (b) 80

(c) 20 (d) 40.

Ifan alternator winding has a fractional pitch of
5/6, the coil span is degrees.

(a) 300 (b) 150

(¢) 30 (d) 60.

The harmonic which would be totally eliminated
from the alternator e.m.f. usinga fractional pitch

10.

11

12.

of 4/5 is
(a) 3rd (b) Tth
(¢) 5th (d) 9th.

For eliminating 7th harmonic from the e.m.f.

wave of an alternator, the fractional-pitch must

be

(a) 2/3 (b) 5/6

(c) 7/8 (d) 6/7.

If, in an alternator, chording angle for funda-

mental flux wave is a, its value for 5th har-

monic is

(a) Sa (b) o/5

(c) 25a (d) 0/25.

Regarding distribution factor of an armature

winding of an alternator which statement is

false?

(a) it decreases as the distribution of coils
(slots/pole) increases

(b) higher its value, higher the inducede.m.f.
per phase

(c) it is not affected by the type of winding
either lap, orwave

(d) it is not affected by the number of turns
per coil.

When speed of an alternator is changed from

3600 r.p.m. to 1800 r.p.m., the generated

e.m.f./phases willbecome

(a) one-half (b) twice

(c) fourtimes (d) one-fourth.

The magnitude of the three voltage drops inan

alternator due to armature resistance, leakage

reactance and armature reaction is solely deter-

mined by

(@) load current, /,
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14.

15.

16.

17.

18.

19.
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(®) p.f. of the load
() whether itis alagging or leading p.f. load
(d) field construction of the alternator.

Armaturereaction in an alternator primarily af-
fects

(@) rotor speed

(b) terminal voltage perphase

(c) frequency of armature current
(d) generated voltage per phase.

Under no-load condition, power drawn by the
prime mover of an alternator goes to

(@ produce induced e.m.f. in armature wind-
ng

() meet no-loadlosses

() produce power in thearmature

(d) meet Cu losses both in armature and rotor
windings.

Asloadp.f. ofanalternator becomes more lead-

ing, the value of generated voltage required to

give rated terminal voltage

(a) increases

(b) remains unchanged

(c) decreases

(d) varies with rotor speed.

With a load p.f. of unity, the effect of armature
reaction onthe main-field flux ofan alternator is

(a) distortional
(¢) demagnetising

(b) magnetising
(d) nominal.

At lagging loads, armature reaction in an alter-
nator is

(a) cross-magnetising (b) demagnetising

(d) magnetising.
Atleading p.f., the armature flux in an alternator
....... the rotor flux.

(a) opposes (b) aids

(c) distorts (d) does not affect.

The voltage regulation of an alternator having
0.75 leading p.f. load, no-load induced e.m.f.
0f2400V and rated terminal voltage of 3000V is
............... percent.

(a) 20 (b)-20

(c) 150 (d) —26.7

If, in a 3-¢ alternator, a field current of 50A
produces a full-load armature current of 200 A
on short-circuit and 1730 V on open circuit, then
its synchronous impedance is ohm.

(a) 8.66 (b4
© 5 (d) 34.6

(c) non-effective

21.

22.

27.

The power factor of an alternator is determined
by its

(a) speed

(b) load

(c) excitation

(d) prime mover.

Forproper parallel operation, a.c. polyphaseal-
ternators must have the same

(a) speed (b) voltage rating
(¢) kVArating (d) excitation.

Of'the following conditions, the one which does
not have to be met by alternators working in
parallel is

(@) terminal voltage of each machine mustbe
the same

(b) the machines must have the same phase
rotation

(c) the machines must operate at the same
frequency
(d) the machines must have equal ratings.

After wiring up two 3-¢ alternators, you checked
their frequency and voltage and found themto
be equal. Before connecting them in parallel,
you would

(a) check turbine speed
(b) check phaserotation
(c) lubricate everything
(d) check steam pressure.

Zero power factor method of an alternator is
used to find its

(a) efficiency

(b) voltageregulation

(c) armature resistance

(d) synchronous impedance.

Some engineers prefer ‘lamps bright'synchro-

nization to ‘lamps dark’ synchronization because

(a) brightness of lamps can be judged easily

(b) itgivessharperand moreaccuratesynchro-
nization

(c) flicker is morepronounced

(d) it can be performed quickly.

It is never advisable to connect a stationary
alternator to live bus-bars because it

(a) is likely to run as synchronous motor

(b) will getshort-circuited

(c) will decrease bus-bar voltage though mo-
mentarily

(d) will disturb generated e.m.fs. of other al-
ternators connected in parallel.



28. Twoidentical alternators are running in parallel

and carry equal loads. If excitation of one al-
ternator is increased without changing its steam
supply, then

(@ itwillkeepsupplyingalmostthe same load
() kVARsupplied by it would decrease

(¢) its p.f. willincrease

(d) kVAsupplied by it would decrease.

Keeping its excitation constant, if steam supply
ofanalternator running in parallel with another
identical alternator is increased, then

(@) it would over-run the other alternator

() itsrotor will fall back in phase withrespect
to the other machine

(c) itwill supply greater portion of the load
(d) its power factor would be decreased.

The load sharing between two steam-driven
alternators operating in parallel may be adjusted
by varyingthe

31

32
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(a) field strengths of the alternators

(b) power factors of the alternators

(c) steam supply to their prime movers
(d) speed of the alternators.

Squirrel-cage bars placed in the rotor pole faces
of an alternator help reduce hunting

(@) above synchronous speedonly
(b) below synchronous speedonly
(c) above and below synchronous speeds both
(d) none of the above.
(Elect. Machines, A.M.L.E. Sec. B, 1993)

For a machine on infinite bus active power can
be variedby

(@) changing fieldexcitation
(b) changing of prime coverspeed
(c) both (@) and (b) above
(d) none of the above .
(Elect. Machines, A.M.L.E. Sec. B, 1993)
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