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8.1 INTRODUCTION

In Unit 7, you were first introduced to the principles of encrgy conversion underlying the
hehaviour of rotating elcctrical machines and the factors leading to reduced efficiency and
temperature rise in such machines. Next you studied dc generators and motors in some
detail.

In this Unit we will turn our attention to ac machines. In particular, we will study
synchronous generators and motors, polyphase induction motors, single-phase induction
motors and the single-phase universal motor.

Objectives
Afler studying this unit, you should be able to
. give an elementary description of polyphase ac windings,
. cxplain the principles of operation of three-phase synchronous generators and
motors and make simple performance calculations, ~_
. explain the mechanism of production of a revolving magnetic field due to
polyphase currents,
. describe the principle of operation of a 3-phase induction motor,
. use the equivalent circuit of the induction motor for performance calculations,
and
. give a qualitative account of the operation of different kinds of single-phase

induction motors and the single-phase universal motor.

8.2 SYNCHRONOUS GENERATORS

The synchronous machine consists of a dc heteropolar field system as in a dc machine, and
a three phase armature winding whose coil arrangement is quite different from that of a dc
machine. Though a synchronous machine can be made to function either as a motor or a
generator, because of the special considerations imposed by operating conditions, the .
constructional features of generators differ in important respects from those intended to be 7
used essentially as motors. In this section we will first consider the constructional features
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and operating characteristics ot synchronous generators and then pass on to a consideration
of the synchronous motor in Section 8.3.

8.2.1 Constructional Features of Synchronous Generators

Synchronous generators (also called alternators) constitute the primary source of electrical
energy in the world. They convert mechanical energy into three phase electrical energy at 50
Hz in India and most other countries (60 Hz in USA). Since enormous amounts of electrical
energy are generated, the machines used must work with high efficiency. Design
considerations indicate that larger machines are capable of greater efficiency than smaller
ones. One consequence of this is that alternators are the largest electrical machines used,
and single machines have been built which can generate electrical power of 1500 MW

(1.5 x 10° W) or more. The rated voltage of an alternator generally increases with its

power rating, and line voltages of 11 kV and 22 kV are fairly common, some alternators
functioning at 33 kV.

Unlike in a dc machine, the heteropolar field system does not constitute the stationary part
but is on the rotor. This enables the high voltage, high current three phase armature winding,
which is on the stator, to be directly connected to its electrical load without using large size,
unreliable slip rings and brushes. Further, since the windings are not subject to centrifugal

. forces. insulating the armature windings is easier as the insulating materials are not subject

to severe mechanical stress.

In Section 8.2.2, it will be shown that the frequency generated is governed entirely by the
speed of the rotor and the number of poles for which it is wound, the frequency f being
given by

_
7= 10" (8.1)

where P = number of poles and N = rotor speed in rpm. Because of this relationship, and the
fact that alternators are used in large interconnected power systems where the frequency is
standardised at 50 Hz (60 Hz in US A), the type of prime-mover used decides the number of
poles and other constructional features of the rotor. Hydraulic turbines operate with
maximum efficiency at low speeds (50 to 500 rpm) and consequently require a large
number of poles. (50 Hz and 120 rpm, for example, will require P = 50 poles). Low speed
machines thus have a large number of poles and these in turn require large diameter rotors
with salient (protruding) poles mounted on large circular steel frames. Steam turbines, on
the other hand, are smaller and more efficient when they run at high speeds. However, for
50 Hz operation, the highest speed is limited by Eq. (8.1) to 3000 rpm as the smallest
number of poles used in any heteropolar machine can only be 2. The next lower speed
corresponds to P =4 and is 1500 rpm. Alternators designed for these speeds are called
turbo-alternators. In order to minimise the mechanical stress imposed on the rotor field
windings and iron parts by centrifugal force (which is proportional to the square of the
speed), the rotor takes on a cylindrical shape without salient poles, the north and south poles
being formed on a cylindrical surface by field windings which are embedded in slots cut
into the cylindrical rotor iron. In very large machines, (for the same speed, physical size
increases with the power rating), the diameter of 3000 rpm machines rarely exceeds about

1 m, though the axial l¢ngth of the rotor may be several metres long.

The field system is provided with dc current at a low voltage, usually below 600 V, from a
dc generator referred to as a main exciter. The power required to supply the dc field
increases with the ac power being generated, though not in proportion. Thus, while the
exciter power requirement may be 2 to 3% of the ac power for a 500 kW alternator, it is
only about 0.5% for a 500 MW alternator. In operation a synchronous machine requires its
field current to be varied and this is usually accomplished by varying the dc voltage of the
main exciter. This in turn, is accomplished by varying the field current of the main exciter.
When the exciter capacity is itself quite large (several hundred kW), variation of excitation
is accomplished in two stages by first changing the field current of a pilot exciter whose

- armature supplies the field current of the matn exciter.

‘ While introducing dc generators in Section 7.4 it was stated that direct current is mainly
- produced these days by using electronic rectifiers rather than dc rotating machines. The use

of rectifiers eliminates the problems of maintenance associated with wear of the commutator
and brushes and the production of carbon dust. Increasingly, therefore, instead of dc
generators, recourse is being taken to brush-less excitation. In these schemes, the main
exciter is replaced by a three-phase alternator with a stationary dc field. This alternator

usually generates an ac voltage of 100 to 150 Hz, which is converted to dc by a three phase

bridge rectifier and then supplied to the rotor dc field of the main alternator. The exciting



alternator and fectifiers are mounted on the main shaft and turn along with the rotor of the
main alternator. The dc excitation for the excitation alternator is supplied by a pilot exciter
which could be a rectified ac source.

In order to dissipate the enormous heat generated by I°R losses in the armature windings,
special cooling arrangements are used in large machines necessitating the use of hydrogen
cooling or the circulation of water through hollow conductors.

8.2.2 Armature Windings and Generated EMF

Though the armature windings are stationary and it is the dc magnetic field that rotates in
synchronous machines, the right hand flux cutting rule can still be used to determine the
induced emf in armature conductors. In using this rule all that we have to remember is that
the direction of motion 1nust be taken as that of the conductors with reference to a stationary
magnetic field. Thus, if the magnetic field is moving from left to right with reference to the
conductors, we must take the direction of motion of the conductor for use in the right hand
flux cutting rule to be from right to left. When the heteropolar magnetic field of a
synchronous machine moves with uniform velocity past an armature conductor, the emf
induced in it will be of an alternating nature, being in one direction when under a north pole
and in the opposite direction when under a south pole. The period T for one cycle of
alternation equals the time taken for one pair of poles to move past the conductor. For a

60 2

N P
second. The induced {requency in each armature conductor, and therefore in the ac armature
winding as a whole is

P-pole machine, whose speed of rotation is N rpm, this period is givenby T =

T 120

’

a relation which has already becn noted in Eq. (8.1).

The wave-form of the induced emf will be exactly the same as that of the magnetic field in
the air-gap as ¢ = Blv, and [ and v are constants at constant speed. So, if the magnetic field B
varies over a pair of poles in the manner shown in Figure 8.1, that is also the manner in
which the induced emf ¢ in a single conductor varies with time over a period of 7 seconds.
Figure 8.1 is thus simultancously a representation of both the flux density distribution (in
space) in the air-gap, and the induced emf (in time) in a conductor in uniform relative
motion with respect to the former, It is the convention to assign to the circumferential arc of
the rotor extending over two adjacent poles an angle of 2 © electrical radians in space. Equally,
it is convenient to designate 7 seconds as being equal to 2 7t electrical radians in time.

B,ed

_Fundamental

component

Figure 8.1 : Flux Density Distribution in Space and EMF
Variation in Conductor in Time

In the figure, the actual flux density distribution (or emf) is shown by a dotted line, whereas
the fundamental component is shown by the firm line. By design, the actual flux density
distribution in synchronous machines is made to approximate a sine wave, and in what
follows we will regard the actual flux density and emf to be identical with the fundamental.
The emf in a conductor, then, is a sinusoid of frequency f given by Eq. (8.1). Further, if two
conductors are in slots spaced apart by an angle o, as measured in electrical radians along
the circumference, it follows that the sinusoidal emfs in the two conductors have a phase
difference in time also of a electrical radians.
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Emf of Chorded Coil

On the basis that one pole-pitch corresponds to 7t radians, the slot pitch ¥, (slot pitch =
angle betwcen\centre lines of adjacent slots) in an armature having S slots and P poles will
bey, = n_;’ electrical radians. AC windings are very often double-layer windings
consisting of identical coils, exactly like those used in dc armatures, one coil side being
located in the upper half of a slot while the other coil side is placed in the lower half of a
different slot. The angle encompasscd by a coil is called the coil-span or coil-pitch v,. If
one coil side is in slot number x and the other in slot number (x + r). theny, = r ¥,. If . = &.
the coil is said to be full-pitched. If ( Y,* €)= T, € is said to be the angle of chording. Let
the induced emtf in a conductor have an rms value of E; volts. Then, if a conductor in the
upper coil side has an emf represented by the phasor EI, a conductor in the lower coil side
of the same coil will have to be represented by a phasor of cqual magnitude, but having a
phase angle <y, with respect to it. Figure 8.2 (a) represents a single turn of a coil, the two
conductors being shown as ¢ and b. In discussing phasc angles between emfs induced in
these conductors, we must use the same reference direction for both, and this is indicated as
being directed upwards. However, in order to determine the induced emf in a turn in terins
of the emtfs in conductors a and b, we have to define the sense in which the emf is to be
measured around the loop constituting the turn. In the figure this is taken clockwise from P
to . The loop reference is thus in the same direction as that for the induced emf in
conductor a but is opposite to that of conductor b. In Figure 8.2 (b), E, and E, are the
phasors corresponding 1o the upward references for the conductors ¢ and b. Because the
reference for conductor b is opposite to that for the loop, the total emf round the loop will be
(E,— E,), the emf induced in the turn being that given by E,. Since (v, + €) = m, it follows
from the figure that if E, lags £, by v,, E, leads E, by (¢/2) and has magnitude E, given by

E = ZEHCOSE.
2

where E, is the rms value of E, and E, is the rms value of the emf induced in a single
conductor. If the coil has 7, turns, the emf E, induced in the coil is given by

E . =@2n.E) cos % ; (8.2)
\ —
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(a) References for single turn (b) Phasor diagram

Figﬁre 8.2 : Induced EMF in a Single Turn
cos % is often designated the pitch factor or chording factor and is representcg by k. If the

coil is of full-pitch € = 0, cos €/2 = 1 and k, = 1. Thus, emf induced in a chorded coil ?s k,
times the emf that would be induced in a full-pitched coil having the same number of turns.

Layout of g-phase Windings

Using identical coils like the one discussed above, it is always possible to lay out a balanced
g-phase winding provided the number of slots S per pole-pair is divisible by g. Figure 8.3 (a)
represents one phase of a ¢ =3 phase winding with S’ = 12. Here the slots are numbered
serially as 1, 2, etc., and the two small circles above each number represent tﬂhe lqp and
bottom coil sides. Overhang connections to the top coil sides are shown by firm lines, the
overhang on one side of the armature (say, the front side) being drawn below the slots,



while the overhang on the other side of the armature (the rear side), is shown above the
slots. Overhang connections to the lower coil sides are shown by dotted lines in the same
manner. In the figure, each coil has a coil span equal to 4 slot-pitches. In Figure 8.3 (b) is -
shown the winding arrangement for the I and IV phases for g = 6, for an armature with S =12,
and using the same coil span. The procedure for laying out a g-phase winding is as follows :

PHASE 1 PHASE I PHASE 111
120° ﬂ
I
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|
|
|
|
(a) THREE PHASE WIDE SPREAD
PHASE 1 1I 11 v Vv VI I
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(ii)

(i)
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| I | :

| l.\.= ° [}
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J I |
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(b} THREE PHASE NARROW SPREAD

Figure 8.3 : Layout of AC windings

Number succeeding slots serially as 1, 2, 3 etc., till one pole-pair is covered.

Assign the top layers of the first [%— ]slo(s fo phaée 1, the next [% Jslots to
phase 1I etc., where S = number of s]été per pole-pair. (In Figure 8.3 (a)),
§ =12,q=3and so [‘—j—]:4 In Figure 8.3 (b), § = 12,9 =6 and so§—= 2).

Draw in the overhangs of the coils belonging to Phase I and also draw the start
and finish of each coil. (In Figure 8.3, the coil span covers 4 slot pitches, and
so the bottom layer of coil whose top layer isin slot 1 isin slot 1 +4 =5, for

~ the 2nd, it is in 6 etc. Indicate overhang connections to top layer by firm lines

(iv)

W

and to bottom layer by dotted lines. The start of a coil is shown as a firm line
entering the top layer overhang at the front and the finish as a line leaving the
bottom layer overhang, also at the front).

Connect the finish of the 1st coil of a phase to the start of the 2nd coil, the
finish of the 2nd coil to the start of the third etc. till all the coils in a phase
group for a pair of poles are exhausted.

Repeat the above procedure for the slots under succeeding pole-pairs if the
armature is to be'wound for four or more poles. Corresponding to each

A.C. Machines
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pole-pair there will be interconnected groups of coils corresponding to each of
the phases.

(vi)  Connect the finish of the coil group corresponding to Phase I under the first
pole-pair to the start of Phase I under the next pole-pair etc. to form Phase I
for the entire armature.

Emf of a phase group

A phase group under a pair of poles is the series interconnection of m = [% | coils in
7

adjacent slots. Since the slot pitchis v, = [%}E ], it follows that the emf of the phase

group corresponds to the sum of m coil emfs, all of equal magnitude but differing in time
phase from adjacent coil emfs by vy, . Calling these m emfs as E, E,, .... E the total emf

— 2
will be given by the phasor sum E shown in Figure 8.4. Since y, = -}T—t we can draw a

circle of radius R passing through the ends of these m phasors. (In fact, the circle will
circumscribe an §” sided regular polygon, the length of each side corresponding to the emf ..
of a coil). Each coil emf subtends an angle v, at the centre of the circle. Hence if magnitude
of a coil emf is E,, and the magnitude of Eg is Eg, we have,

Figure 8.4 : EMF of a Distributed Phasd Group

E. = 2Rsin 12‘ and

~  Ey=2Rsin’%

m
N Ecsin—Y‘
Ep= — 2

P =
sin:Yi
2

If all m coils had been put in the same pair of slots without being distributed over adjacent
slots, the resultant emf would have been E'r = m E,

.omy
- Sln—2‘
Ep Er

. Y5
msin —

2
ky Eg, (8.3)




where E'g is the emf that would have obtained if all the coils of the group were concentrated A.C. Machines
‘ ) s
sinm
into one pair of slots and &, = the distribution factor = ”
. s
msin -
sin -, |

EMF of an AC Winding

Let the number of turns making up one phase of a g-phase winding be N,. Then, number of
conductors making up one phase = 2 N, If the emf per conductor has the rms value E,, if all
these emfs were to add without diminution, the voltage per phase = 2 N, E,. However,
because the turns belong to chorded coils, because of chording the voltage will get
multiplied by k,, and because of distribution by k, Thus nett emf pcr phase

Ep = k by 2N, E))
= kw Ep ) (8-4)

where k,, = k, k, = winding factor and E', is the phase voltage that would have been
produced if all coils were of full pitch, and all coils were located in the same pair of slots,
i.e., if the winding were a full-pitched, concentrated winding.

Three Phase Windings

The winding arrangement described above, if implemented for an armature taking ¢ = 3
yields a three phase winding referred to as a wide- spread or 120° spread winding. It is also
possible to produce a balanced three phase winding by first producing a g = 6 phase winding
and re-connecting the 6 phase winding to yield a three phase winding. In this scheme, if

A, B, C are the three phases, phase A is obtained by connecting phase I to phase IV reversed,
phase B by connecting phase III to phase V1 reversed and phase C by connecting phase ‘
V to phase II reversed. The interconnections needed to produce phase A are shown in

Figure 8.3 (b). Such a three phase winding is referred (o as a narrow spread or a 60°

spread winding. Narrow spread windings yield higher emfs than wide spread windings and
are generally preferred.

Example 8.1

Calculate the pitch factor, distribution factor and winding factor for (a) the wmdmg
shown in Figure 8.3 (a): (b) the winding shown in Figure 8.3 (b).

Soiutlon

180° -
6

Coil spany, =ry, =4 x30°=120°

Chording angle € = (180° — 120°) = 60°

Therefore pitch factor k, = cos &/2 = cos 30° = 0.866.

No. of slots over which a phase group is distributed, m = 4.

sin (m¥,/2) _ sin 60°
msinvy,/2 4 sin 15°

_ 0866
4 x 0.2588

=0.837
The winding factor k,, = k, k; = 0.7245
(b)  Pitch factor is the same as in (a)

(a) Slot pi/tch Y=

Therefore distribution factor k; =

Here a coil grouphasm=2

Therefore distribution factor k= 281nn3?5° =5 xo(;52588

=0.966 ,
Therefore winding factor k,, = kyk; = 0.866 % 0.966 = 0.837
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8.2.3 Alternator on Load

Synchronous Reactance Model

A synchronous machine on open circuit, driven by a prime-mover at a speed of N rpm and
carrying a field current [, generates emfs in armature conductors at a frequency

f= % Hz. Balanced three phase voltages E,, E, and E, are established in the stator phases

A, B and C, their magnitudes being determined by the current I, In fact, the magnetisation
characteristic or open-circuit characteristic relating the magnitude of a phase voltage to I,
has precisely the same shape as that of a dc generator shown in Figure 7.10.

When the machine functions as an alternator supplying currents to a balanced load, the
terminal voltages of the phases no longer remain the same as on open-circuit even when the
speed and /; are kept unchanged. This is because the armature currents in the phases produce
IR drops in the phase resistances and also, being alternating currents at a frequency f,

-produce an additional voltage drop because of the rate of change of the fluxes set up by the

armature currents. This additional voltage drop can be conveniently modelled as due to the
voltage drop produced in each phase by the current passing through an inductive reactance
X.. In phase A for example, we have the open-circuit emf E, induced by the field current I,
the ac resistance drop I, R, and the reactance drop j I, X,. The reactance X, called the
synchronous reactance, is a function of the level of magnetic saturation in the machines
and can fall to as low as 50% of the unsaturated value when supplying full load at highly
lagging power factors. This synchronous reactance model is valid only for balanced three
phase operation and can be represented for any one phase, say phase A, by the equivalent
circuit shown in Figure 8.5. In this figure it is assuimed thatthé three phases of the stator are
connected in star at the common terminal N, the remaining terminals of the three phases
being A, B and C respectively. The voltages £, V, and the current I, are all phasors at
frequency f. ‘

Rs Xs A

Figure 8.5 : Synchronous Reactance Model for Phase A of an Alternator

Alternator Supblying an Isolated Load

When supplying a balanced three phase isolated load, the equivalent circuit can be
represented as in Figure 8.6. In this figure, the balanced load is replaced by an equivalent
star connected load with phase impedance Z; . Since the alternator armature and the load are
both balanced, we can represent the neutral of the alternator N as being connected to the
neutral N, of the load whether they are actually so connected or not. The associated phasor
diagram can be readily drawn. Figure 8.7 (a) shows the phasor diagram for a lagging power
factor load and Figure 8.7 (b) for a leading power factor load. These phasor diagrams are
based on the phasor equation

E=Va+RL +jX1L 8.5)
Rs JXS,
—MWA—— 0 =
+ Ia m la
Eo Vcl; 2[_
N - N

Figure 8.6 : Equivatent Circuit for Isolated Load



From the figures it may be noticed that the induced emf E, is larger than the terminal : A.C. Machines
voltage for lagging p.f. while it can be less than V, for leadmg p.f. One important point to

note while considering an alternator supplying an 1solated load is that both the frequency

and the terminal voltage will be affected by changes in the prime-mover speed and the field

excitation.

Ia
(a) LAGGING P.F LOAD | (b) LEADING P.F LOAD

Figure 8.7 : Phasor Diagrams for Figure 8.6

Alternator on Load with other Synchronous Machines

Several alternators are often operated together in an electric supply undertaking, alternators
being added on to the system when the demand for generated power increases, and being
removed one by one as the power demand goes down. Often the need is to connect an
alternator to a large power system whose power capacity is very many times larger than that
of the single alternator. (A power grid of this kind may have very many altemators already
connected and acting together). Such a power grid is referred to as an infinite bus and
essentially behaves like an independent ideal voltage source, whose three phase terminal
voltage remains unaffected in magnitude and frequency irrespective of the loads and
machines connected to it. Figure 8.5 can be regarded as the circuit model representing an
alternator on an infinite bus, provided V, is regarded as the unchanging voltage of phase A
of the infinite bus. Keeping this fact in mind, Figures 8.7 (a) and (b) can equally well be
regarded as the phasor diagrams for lagging and leading p.f. operation of an alternator on an
infinite bus. _ -

What happens to an alternator on an infinite bus when the field current is changed? We find
from Figures 8.7 (a) and (b) that, for a.constant value of V V, when the current is of leading
power factor the induced emf E, is small and that for a laggmg power factor, it becomes
large. So we can conclude that as we increase the field current of an alternator, thereby
increasing the excitation emf E, the power factor becomes more lagging. We could
remember this as: In an alternator, overexcitation makes the current lag.

Developed Electrical Power

What happens to an alternator on an infinite bus when the mechanical power input supplied
by the prime-mover changes? If the alternator is initially working in thé balanced steady
state, depending on the magnitude and power factor, the phasor diagrams will be as given in
Figure 8.7. In the figures it will be noted that E, leads V, by an angle 3. This angle is called
the power angle or torque angle . If R, is neglected in comparison to X,

E,~ Y,

7=
Lx,

If E; is taken as the reference phasor, E= E +j 0,
V,={V, cosd - jV, sind}, since V, lags E, by 8. Therefore

(E,~V, c0s8) j V,sin &
J X, L. ¢

I, =

_ (E, -V, cosd) N V, sind
- ' X X

. .
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Therefore the generated electrical power per phase P, equals power associated with E, i.e.,
_E, V,sind

P = watts.
¢ X, 3 (8.6)
\
If the developed counter torque is 7, Nm, since the rotor moves at a speed of zgoN radians
per second, ‘
2w NT, E _ V sind -
T e 3 Za7a8 , (taking all three phases into account)
60 X, &
. _ % 8.7
or T,=3 _60 1 EdVa sind Nm ¢
2nN | X,

The developed torque has a value of zero for § = 0 and increases w1th increasing § to a
maximum value for 8 = /2 and decreases thereafter.

" In the steady state, the rotor will be running at the constant speed (120 f/ P ) rpm, implying

that the nett torque on the rotor is zero, making the prime-mover torque just equal and
opposite to the counter torque (including friction and windage torque of the alternator). If
now the prime-mover torque is suddenly increased, the zero nett torque condition of the
rotor gets disturbed and the rotor will accelerate, the rotor poles cutting past armature
conductors earlier than they would have if the torque remained unchanged. This implies that
the induced emf will take a more leading position resulting in an increased torque angle.
This implies that for 8 < =/, both electrical power output from the alternator and its
counter-torque increase. So, when a new steady state is established, the torque angle would
be larger, and the increased counter-torque would offset prime-mover torque such that the
speed of the rotor is once again the synchronous speed (120 £/ P). To sum up, increased
prime-mover input to an alternator results in increased torque angle and increased
generated power, but without any change in the final steady state speed.

‘Synchronisation

In a power system containing several interconnected synchronous machines, the currents,
voltages and emfs are all at one common frequency, viz., the system frequency. Each
altemator, depending on its number of poles runs at the corresponding synchronous speed of
(120 f/P) rpm. All synchronous machines in an integrated electrical system thus function in
synchronism in the steady state. (When a disturbance takes place, such as a sudden change
in the load of an alternator, there is a transient period in which rotors either speed up or slow
down. But when equilibrium is reached, all machines will again be at synchronous speed).

If an alternator, isolated from such a system initially, is to be connected into the system so
that it too is in synchronism, special procedures have to be followed. This process of
properly connecting a synchronous machine to a system containing one or more
synchronous machines is termed synchronisation .

Let it be required to connect a synchronous machine with an A phase induced emf E,toa
system whose corresponding phase voltage is V.. Then from Figure 8.5, the armature
current
- = = 8.8
J _ Ea T Va ( )

Ia"—.
(R, +JX,)

For minimum disturbance, 1, at the time of connection should be zero. Since V, is the
system voltage, it is only E, we can adjust, and for I, = 0 the requirement is thatE, = V_

Similar expressions should hold for the B and C phases so that we also require 'E, = V,,
E=V. Since all these voltages are phasors at the same frequency, the above condition
1mp11es that

(1) The alternator phase sequence A, B, C must correspond to the phase sequence
of the system at the point of connection.

(2)  The magnitude of E, must be equal to the magnitude of A
(3)  The frequency and phase of E, must be the same as that of V.



Atfter ensuring (1), the speed is adjusted till it corresponds to the synchronous speed and the A.C. Machines
field current is adjusted so that (2) the emf magnitude is the correct value. The alternator can

then be switched on to the system provided (3) the phase of E, is the same as thatof V,. In

practice, this is ensured by using an instrument called a synchroscope which continually

indicates the phase angle between the two voltages. If the frequency of the alternator is very

slightly diffcrent from that of Va, it is as though the phase of E, is continually changing with

respect to V,. The synchroscope pointer will then continuously, but very slowly (depending

on the frequency difference), rotate around its shaft and the alternator can be switched on

when the synchroscope pointer passes through its zero position. In modern practice, such

synchronising is achieved automatically.

Example 8.2
A three-phase, star connected alternator is rated for SO00 kVA, 5kV, 50 Hz, 150
rpm. It has negligible armature resistance and a synchronous reactance X, = 1.5 €.
Find the induced emf and torque angle when the machine is supplying full-load
current at rated voltage at (i) unity p.f.; (ii) 0.8 p.f. lag; (iii) 0.8 p.f. lead.

Solution
_ ™ Phase voltage V,= %Q =2887V,
Ea | 5000
Full-load current 1, T——— 5774 A
JI"XS LX,=5774x15 =866V ;
0 = - Phase angle ¢ for cos ¢ of 0.8 = 36.87°
[ a Va sinp= 0.6
(a) Unity p.f. load '
E
ilaXs "
]
0 -4
A B
; Ta
() 0.8 pf.lagioad
la fag
\ejla X
¢ 5 I¢ J ans
0 LA
B Vu

(c) 0.8 p.l. lead load

Figure 8.8 : For Example 8.2
(a) - Refer to Figure 8.8 (a). Setting IR, = 0 and ¢ = 0°, we find that jI,X, is at right

angles to V.

Therefore, E, = V2887 + 866° =3014 V;
866 " - )

tan § = =2877 = =0.3000 and 6=16.7

(b)  Referring to Figure 8.8 (b), with IR, = 0 and ¢ = 36.87°, it is easily verified |
that the component of E, in phase with V, is given by (V, + IX, sin ¢)
= (2887 + 866 x 0.6) = 3406.6 V.

The component of E, at right angles to V,, = X, cos¢ = 866 X 0.8 = 692.8 V.

Therefore, E, = \}3406.62 + 692.8% =3476.3 V

6928 .
tan & = 3406.6 =0.2034, therefore 6 = 11.5
(c)  Refer to Figure 8.8(c), with I,R, =0, cos ¢ = 0.8 and sin ¢ = 0.6. It is easily
verified that the component of E, in phase with V, is now given by
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8.3 SYNCHRONOUS MOTORS

(V — IX, sin ) = (2887 — 866 x 0.6) = 2367.4 V. The component of £, at
right anglesto V, = X, cos $ = 692.8 V.

Theretore, E, = \f23()7‘42 + 692.82 =2466.7V

692 .8
=T _ = 2
tan & 2167 4 0.2926

Therefore 8 =16.31°

SAQ1

The machitic of Examplc 8.2 is synchronised to a § kV, 50 Hz, 3 phasc system. What
is the torque angle, generator p.f. and kV A if the alternator supplies 4000 kW?
Assume that the excitation voltage between lines is maintained at 5 kV.

Synchronous machines, including the alternators discussed earlier in this section, can
function as either generators or motors. As in the case of altemators, there is a fixed
relationship between supply frequency (f), speed (V) and number of poles (P) in a
synchronous motor. A synchronus motor can run, in steady statc, only at one speed viz
N, =120 fIP rpm which is called the synchronous speed.

Synchronous machities meant specifically for use as prime-movers in heavy industries.
usually have power capacities ranging between 100 kW and 15 MW, with speeds from 150
rpm to 1500 rpm at 50 Hz and are normally of salient pole construction. In electric power
supply systems, synchronous motors are often operated at no load so as to provide leading
current in order to eftect power tactor improvement. Such special purpose motors ar¢
usually in the range of hundreds of kVA to a few tens of MVA, the operation being close to
zero power factor. In conjunction with variable very fow frequency clectronic circuits,
synchronous motors (upto 10 MW) of very low speed and consequent enormous size, drive
ball-mills of cement plants, crushers and rotary kilns. At the other end of the spectrum, tiny
synchronous motors are employed in electronic timers and clocks.

8.3.1 Synchronous Motor on Infinite Bus

A synchronous motor connected to a large electric power supply is, for all practical
purposes, on an infinite bus. Because the physical phenomena involved are identical in both
alternators and motors, the synchronous motor.can also be modelled in terms of its
synchronous reactance. The model of a synchronous motor on an infinite bus, on a per
phase basis, is given in Figure 8.9. This figure differs {rom that shown in Figure 8.5 in that

the reference direction shown for the armature current_l; is reversed. (In a generator we
would like to say that V,, 1, cos ¢ is the per phase power generated by the alternator and

supplied to the infinite bus whereas in a motor, we would like the same expression
V., 1, cos ¢ to represent the power absorbed by the motor and received {rom the infinite bus.

It is for this reason that the reference direction of current flows out of the positive terminal
of E in the generator, and in the oppositc direction for the motor).

Figure 8.9 : Synchronous Motor on Infinite Bus



—————— S —————
[f we assume that the current supplied to the motor has lagging p.f., the phasor diagram A.C. Machines
would be as shown in Figure 8.10 (a). Figure 8.10 (b) is the phasor diagram for leading p.t.,
the figures corresponding to the phasor equation

Ea = Va - Rth - thTa (89)

(a) Lagging p.f. (b) Leading p.f.

Figure 8.10 : Phasor Diagrams for Synchronous Motor

(This equation may be comparcd with Eq. (8.5) for an alternator). Again, as in the phasor
diagram for the alternator, the angle between V, and I, is designated by 8 and referred to as
the power angle or torque angle. As seen fmm the flgures in a synchronous motor E, lags
V by the torque angle d, whereas in a generator L leads V by 8. Proceeding as for
alternamrs, we can readily show that the expressions lor thc electrical power P, absorbed by
E, and the developed driving torque 7, have the same form as for alternators being given by

2

P,=3 Va £, sind W
X, (8.10)

and

T, = 3(—&\ E V., sind Nm
\2nN ) X, (8.11)

If the mechanical shaft torque on a synchronous motor is suddenly increased, since I (and
E,) cannot change instantaneously, the driving torque developed by the motor also cannot
change instantaneously. So, a nett braking torque manifests, slowing down the motor.
Because of this reduction in speed, the angie of lag betwecn E and V increases, increasing
the torgue angle & and consequently increasing the developed dnvmg torque. After a
transient period during which the speed fluctuates around the synchronous speed, the
developed torque is sufficient to balance the increased load torque, the nett torquc on the
shatt becomes zero and the motor once more runs at constant synchronous speed, but with
an increased torque angle.

From Figures 8.10 (a) and (b) it follows that leading currcnts flow in the armature of a
synchronous machine when £, is large and lagging currents flow when E is small. Thus, in
contrast to what happens in an alternator, increasing £, or over excitation by increasing I,

‘leads to more leading power factors. In a synchronous motor overexcitation makes the
current lead.

SAQ 2

A three-phase 5000 kVA, 5 kV, 50 Hz, 150 rpin star connected synchronous motor
has a synchronous reactance of 1.5 Q and negligible armature resistance. Find the
induced emf and torque angle & when the motor is drawing full load armature current
on rated voltage at (a) unity p.f. (b) 0.8 p.f. lag: (¢) 0.8 p.f. lead.
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8.3.2 SynchronouS Condenser

In targe power systems, because of induction motor loads etc., the current in transmission
lines is usually of a fagging power factor. The same transruitted power at a given supply
voltage takes a larger line current at lower power factors. So. in order to minimise /*Rlosses
in transmission systems, it is economical to improve the power factor and bring it as close
to unity as possible. You are already familiar with this aspect from your study of Sections
3.6.3 & 4.4.4. The ability of an over-excited synchronous motor to draw leading current,
even when supplying mechanical power at its shaft, therefore enables a transmission system
to work at an improved factor. An overexcited synchronous motor on no-load, will draw a
line current which is nearly at zero power factor and which, as in a condenser, leads the ‘
supply voltage by nearly 90°. Synchronous motors designed for use in power systems in this
manner behave like enormous high voltage and high current capacitors and arc referred to as
synchronous condensers .

The example which follows is illustrative of calculations using the phasor diagrams, and of
applications for power factor improvement.

Example 8.3

A three-phase 5 kV, 50 Hz star connected power system is supplying a factory with
10,000 kVA at 0.8 p.1. Iag. (a) What leading current is required per phase il the p.f.is
10 be brought up to unity ? (b) If the synchronous motor of SAQ 2 is (o be used to
achieve this on no-load, what should be its induced emf E, ? (Assume that the
no-load losses are zero.) (¢) What is the resulting total line current ?

Solution
Phase voltage = é% =2887V
10,000 x 1000
V3 x 5000
=11547 A
(a) Sincethep.f. is 0.8 lag,cos ¢ =10.8, sin¢ =0.6.
Active in-phase component of load current = 1154.7 x 0.8

Full 1oad current drawn by the factory =

=9238 A
Component of current lagging the terminal voltage by 90° = 1154.7 x 0.6
=6928 A
If the p.£. is 10 be made equal to unily, we must add a leading current, leading
by 90°, equal to 692.8 A. .

(b)  The synchronous condenser is therefore required 10 supply a current of
692.8 A leading V, by 90°. For a motor with R, =0, £, =V, jI, X, . Forus,
1,=j692.8 A, and X, = 1.5 Q. Taking V, as reference, V,, = 2887 + jO.

Therefore E, =2887 —j(j692.8) x 1.5 = 2887 + 692.8 x 1.5
= (2887 +1039.2) = 3926.2 V.

(c)  After compensation, the line current has no reactive component and is
therefore equal to the active component of the current drawn by the factory,
namely 923.8 A. ‘

8.3.3 Starting of Synchronous Motors

As already noted, synchronous motors develop steady torque only at synchronous speed.
When supply is given to such a motor at stand still, it will not be able to run up to
synchronous speed. Hence special methods are required for starting a synchronous motor.

In Section 8.2.3 we saw that connecting a synchronous alternator to a system containing one
or more synchronous machines requires a procedure referred to as synchronisation . One
method of starting a synchronous motor is to bring it up to speed as an alternator, using a
separate prime-mover, and then synchronise it on the supply. If the induced emf in the
motor equals that of the supply in magnitude, frequency and phase, the motor will have zero
armature current, and it can be described as floating on the supply. If a torque is now given
to the shaft in the direction of rotation, the machine will be an altemator with the induced
emf leading the terminal voltage by the torque angle and will supply electrical power to the
supply. On the other hand, if a load torque is applied to the shafl opposing the rotation, the



machine Will act as a motor, the induced emf now lagging the terminal voltage by the torque A.C. Machines

angle.

The normal way of starting a synchronous motor, however, does not depend on the use of a
separate motor. The synchronous motor is provided with a short-circuited cage winding
(like the squirrel cage of an induction motor described in the next section) embedded in the
rotor poles. When a three phase supply is given to the stator, alternating currents flow in the
cage, and the machine runs up to nearly synchronous speed as an induction motor. During
this starting period, the field winding is kept short-circuited. If a dc supply is then given to
the field winding, a synchronising torque comes into operation pulling the motor upto
synchronous speed. When running at synchronous speed no emf or currents are induced in
the cage winding and the machine functions as an ordinary synchronous motor.

8.4 THREE-PHASE INDUCTION MOTORS

The most commonly encountered electric motors in industry are induction motors. They
comc in two varieties, viz., slip-ring induction motors and squirrel-cage induction motors.
The squirrel cage induction motor is undoubtedly the cheapest and most robust of motors,
and in sizes upto a few kilowatts, can be started on line at full voltage. As it has no
brushgear, it is especially suitable for hazardous, explosion prone environments such as
mines and chemical plants because of the absence of sparking at brush contacts. Many
special designs of the cage have been evolved to yield a choice of standardised speed-torque
and current-torque characteristics. For high starting torque, particularly when acceleratmg
high inertia loads, the slip-ring induction motor is preferred.

Induction motors are essentially constant speed motors when worked from a constant
frequency supply and major speed changes are usually made, as in machine tool drives,
either mechanically through gearboxes and pulleys or electrically by pole-changing. In the
recent past, the advent of controllable variable frequency electronic sources of power supply
are making the induction motor (when used with the associated electronic circuitry)
increasingly competitive with dc machines in variable speed applications.

8.4.1 Constructional Features

The three-phase induction motor has a stator structure and stator windings similar to that of
the synchronous machine. The stator is assembled using steel laminations, and has axial
slots for accommodating the stator windings. The rotor core uses a smooth cylindrical type
of construction and is also assembled from steel laminations and is provided with axial slots
to accommodate the rotor conductors. The frequency of the supply given to the stator, and
the number of poles for which it is wound, determine the no-load speed of the induction
motor.

As already stated, induction motors may be either of the slip-ring or squirrel- cage types.
The slip-ring type is also called the wound-rotor type of motor. In the wound rotor induction
motor, the rotor winding is also a balanced three phase winding similar to that on the stator.
These rotor windings may be star- or delta-connected, and their terminals are brought out to
slip-rings, similar to the slip-rings used to supply the dc field winding of a synchronous
machine. Brushes ride upon these slip-rings and, in normal operation, the rotor windings are
short-circuited externally at the brushes. However, for speed and torque control purposes,
external resistors may be connected to the brushes such that the effective resistance in each
rotor phase is increased. The circuit diagram of a wound-rotor induction motor with variable
resistors in the rotor circuit is shown in Figure 8.11.

SLIP VARIABLE

o STATOR ROTOR RINGS |  RESISTORS

—

I
-1
[

i

Figure 8.11 : Wound Rotor Motor with Rotor Resistors.
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Squirrel-cage induction motors employ an entirely different type of winding on the rotor.
Here, a large number of copper bars are passed through the rotor slots and are connected to
and terminated at either end by end-rings, allowing circulation of current in the rotor bars.
This rotor winding structure, including the end-rings, resembles a cage (squirrel cage) and
this is the origin of the name for the motor. The squirrel-cage winding may be regarded as a
winding with many phases, each phase containing a single pair of conductors. Requiring no
slip-rings and associated brush gear, the squirrel-cage rotor is very rugged and economical
to build. As a consequence, the large majority of induction motors are of the squirrel-cage
type.

8.4.2 Revolving Magnetic Field of AC Windings

The winding diagrams for three-phase-¢and g-phase) ac windings have already been
introduced in Section 8.2.2 and should be reviewed at this stage. Tn the synchronous
machine rotor, dc excitation produces a P-pole field whichris rotated at the synchronous
speed N, by a prime-mover. This results in a revolving magnetic field of P-poles sweeping -
past the stator conductors at speed N,. We will now show that balanced three phase
alternating currents flowing in the stator windings also result in a revolving magnetic field
whose speed is determined by the frequency of the supply and the number of poles for
which the stator is wound.

Consider a P-pole stator having one full-pitched coil per pole- pair, the coils being
uniformly arranged around the stator periphery. In Figure 8.12 (a), A; A,” represents, in
section, such a coil in a two-pole machine. In Figure 8.12 (b) A, A,” and A, A,’ represent two
such full-pitched coils in a four-pole machine. (In a P-pole machine there will be P/2 coils.)
Assuming that a current i flows through these coils in series, the current direction being as

shown by O andO in the figures, a magnetic field will be set up, the directions of the
flux lines being as indicated in the figures.

(a) Two-pole Machine (b) Four-pole Machine

29 | 29

/

A1 A Ml —0 Al (A1 (A2 A2 |AL—=B

jo—— T ——-L——IT — F—n——l-'lT-—L—Tr—aL—n‘—a

(c) Two-Pole B ¢ Distribution (d) Four-Pole B ¢ Distribution

Figure 8.12 : Flux-density Distribution due to Full- pitched coils

If each coil has n turns, it is seen that each flux line encircles a total current of n /| amperes.
Each flux line also crosses the air-gap (of radial length g) twice. The permeability of the
iron parts is very much larger than that of the air-gap and therefore the magnetising force H,
in the iron is very small compared to the magnetising force H, in the air-gap. On neglecting



H, the magnetomotive force around any flux line, in‘accordance with Ampere’s magnetic
circuit law will be

ni=2H,g (8.12)

The flux density at any point in the air-gap is therefore given by

B:p'OHa

L (8.13)
2¢

where 1, = 4n X 10~7 H/m = permeability of air. If a point along the stator
circumference on the air-gap is identified by the angle 0 measured in electrical radians from
the coil side A,; the flux density distribution in the air-gap can be displayed graphically as in
Figures 8.12 (c) and (d) for the two-pole and four-pole machines respectively. (For
simplicity, we have assumed that the slots containing the coil sides have negligible width).
In these figures the flux directed from rotor (o stator across the air-gap has been taken as
positive. Therefore, in a P-pole machine having P/2 full-pitched coils, the current i sets up a
stationary rectangular flux density distribution in space having P poles , adjacent poles
being of opposite polarities.

As discussed in Section 8.2.2, a phase-group will consist of several such coils per pole-pair,
distributed in adjacent slots, and connected in series. When a current i flows through such a
phase group, each coil will separately set up a P-pole rectangular flux density distribution,
the overall flux density distribution being the sum of these flux densities. If there are three
coil groups in a phase, the individual flux densities produced by coils 1, 2 and 3 and the
resultant flux density obtained by adding them, will be as shown in Figure 8.13 for two-pole
pitches of the stator periphery.

Bgl

Brm

AXIS OF-» \
PHASE A ~

Figure 8.13 : Flux Density Distribution due to a Coil Group.

The resultant flux density distribution is thus a stepped wave which approximates a sine
wave more and more closely as the number of coils in a phase group increases. The peak
value B,, of the fundamental component occurs along the axis of the phase-group and is
clearly proportional to i. Now measuring the angle 8 from the axis of the phase and setting

B,, = Ki the fundamental flux density By at an angle 6 from the axis may be written as

By=Kicos 9 (8.14)

In a three-phase machine, phases A, B and C carry different currents i, i,, i and the axis of
the phases are also displaced from each other in space by 2 &t /3 electrical radians. If we
always measure the angle 0 only from the axis of phase A, the fundamental flux density
distribution set up by the current i, will be By, = Ki, cos 0. The peak value of the flux
density produced by i, occurs along the axis of phase B which is displaced by 2n /3 electrical
radians. If the axis of phase B is assumed to be ahead of that of phase A, in the direction of
increasing 6, By = Kiy, cos (8 — 2 1t /3 ). Similarly, the current i_ (axis of phase C ahead of
phase B axis by 2 nn /3 electrical radians) will produce the flux density distribution

A.C. Machines
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Bycy = Ki, cos[ _43_11:): Ki, cos(6+23—7tj

Therefore, the resultant flux density distribution By g, due to all three phases acting together
is \

|
By = Ba Q) +Bg s+ Bo (c)

K{iacos9+ibcos[(-)—23—nj+iCCOS(9+23—nJ} (8.15)

When balanced currents 3f frequency f Hz, flow through the-stator winding, i, = I,, cos wt,
ip=1, cos Wt—-2n/3)and i, = I, cos (wt + 2 ®/3), assuming a phase sequence A, B, C,
and, w = 2 xt f. Substituting in Eq. (8.15),

BG(R)zKIm{cos 0 cos wr + cos‘( —%—nJcos [wt—%} cos [9+23—"Jcos[wt+23—n}}
Using the trigonometric identity cos A cos B = 1/2 { cos(A— B)+ cos (A + B)}
KIm 4r
Be(R):T cos (0 —wr) + cos (0 +wr) > +< cos (0 —wr) + cos (0 +wt——3—) +

{cos(ﬂ—wt)+cos(9+wr+93—”)}}

The cos (8 + wt +.....) terms cancel out and we get

3—Ig’ﬂcos ® —wp

BB(R)

By, cos (8 -wr), (8.16)

where B, is the peak value of the resultant field.

Eq. (8.16) represents a revolving magnetic field. At any instant of time the equation
represents, a sinusoidal wave in space. At time f = O for example, the maximum value of By
occurs at 8 = 0. However, at a later time ¢ it occurs when (6 —wf) =0, i.e., at the position

0 = wt electrical radians measured from the axis of phase A. Thus, in time ¢, the maximum
value (and hence the whole wave) has moved away through an angle 8 = wt implying that
the entire sine wave is moving with an angular velocity of (8 /f) = w electrical radians per
second. Thus Eq. (8.16) represents a flux density wave having P-poles moving with an
angular velocity of w = 2nf electrical radians per second. Since 2r radians correspond to one
pole-pair, in every second the wave moves through f pole-pairs. There are P/2 pole-pairs
over the stator circumference, and hence the field moves over (2f/P) circumferences in one
second, implying that the speed in revolutions per second is 2f/7P. Hence, the speed of the
revolving magnetic field, referred to as the *“‘synchronous speed” is given by

N, = 12 (8.17)

In Eq. (8.16) the direction of motion of the revolving magnetic field is that of increasing 6 ,
namely from phase A to Bto C to A. This is so because we have assumed the phase

| sequence of currents in time to be also ABC. If this sequence is reversed, as by

interchanging the currents in any two phases, the direction of the revolving magnetic field
will get reversed. The behaviour of the revolving magnetic field is illustrated in
Example 8.4 and SAQ 3.

Example 8.4 N

Determine the position of the positive peak value of the revolving magnetic field of a
three phase winding when (i) the current in phase A is maximum positive; (ii) the
current in phase B is maximum positive; (iii) when the current in phase C is
decreasing and passing through the value 0.



Solution
(i)  Theresultant revolving magnetic field Bg(z yis given by Eq. (8.16).

In deriving this it was assumed that the current in phase A is i, = I, cos wr.
This currenthas its maximum positive value when wt = Q. Substituting this

value we find that Bggy = By cos 0 and has its maximum positive value when
6 =0, i.e., along the axis of phase A itself,

(i) iy=1,cos (Wt -2m/3) and $0 iy, has its maximum positive value when
wi = 2m/3. Substituting this value we find that Bgg) = By cos (0 ~27/3).
Hence, the positive peak value of the revolving magnetic field is now at
9 =2n/3,i.e., along the axis of phase B.

(i) i, =1, cos (wt + 2n/3). This will be decreasing and passing through its zero
value when (Wt + 2r/3) = /2, i.e., when wt = (7/2 — 21/3) = -m/6. Hence Byr)
is given by By cos (0 + n/6). The positive peak value of the resultant magnetic
field is therefore at 8 = — /6, i.e., one-sixth pole-pitch before the axis of phase A.

SAQ3

Show that interchanging the supply to any two of the stator phases results in a
reversal of the direction of rotation of the rotating magnetic field in a 3-phase
induction motor.

8.4.3 Principle of Operation

In normal operation, the wound-rotor induction motor has its rotor windings short-circuited
at the slip rings. A squirrel-cage rotor, on the other hand, always behaves like a multi-phase
winding which is permanently short-circuited. When the stator is energised, the revolving
magnetic field sct up by stator currents, on cutting the rotor, induces emfs in the rotor
winding leading to rotor currents. These currents, interacting with the revolving field result
in forces and torque. '

Let the external torque on the rotor shaft be such that the rotor moves at a constant speed N,.
We will adopt the convention that N, is positive when it is in the same direction as that of
the revolving magnetic field set up by stator currents. Then, for any speed N, # N, the
revolving magnetic field will cut the rotor conductors with a speed (N, — N,). This is the
speed with which the rotor falls or slips behind the stator field and is referred to as the slip
speed . The ratio of the slip speed to the synchronous speed of the stator field is termed the
fractional slip (often simply referred to as slip) and is designated by the letter s. Thus

(N, - N,)
N

5

§ = slip = (8.18)

At subsynchronous speeds, i.e. whenever N, <N, , sis positive and for supersynchronous
speed, N, > N, §is negative.

Whenever s # 0, the rotor conductors are being cut by the revolving field at slip speed sN..
Consequently, by the flux-cutting rule, emf will be induced in the rotor cenductors, and, as
the rotor windings are short-circuited, currents will flow in the rotor. Now, since current
carrying conductors are situated in a magnetic field, electromagnetic forces must act on the
conductors resulting in an electromagnetic torque. By Lenz’s law, this torque must act in
such a way as to oppose the cause, namely the relative motion between the revolving
magnetic field and the rotor. At subsynchronous speed, when N, < N ; the electromagnetic
torque will act iri such a direction as to reduce the slip speed. and will therefore tend to
speed up the rotor, constituting a driving or motoring torque. At supersynchronous speeds,
in order to again reduce the slip speed, the electromagnetic torque must act so as to reduce
the speed and will therefore result in a counter-torque opposing the rotation. When N, = N,
the rotor is moving at synchronous speed, the slip speed is zero, there are no induced emfs
and currents in the rotor, and the electromagnetic torque is zero.

If the rotor is to move at a constant speed N, , the angular acceleration must be zero
implying that the nett torque on the rotor is zero. Thus, at subsynchronous speeds, the

A.C. Machines
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motoring electromagnetic torque acting in the direction of the stator revolving field must be
balanced by a load torque which opposes the motion. At supersynchronous speeds, since the
electromagnetic torque is a counter-torque, the external torque on the shaft must correspond
to that of a prime-mover acting in the direction of rotation. At synchronous speed, since the

-electromagnetic torque is zero, the external shaft torque must also be zero, implying that the

induction motor is acting under conditions of ideal no-load.

" In particular, if a three-phase supply is given to an induction motor whose rotor is at rest,

§ =1 to begin with. A motoring torque is produced and, if this exceeds the external torque
on the shaft, the rotor will accelerate until such a speed is teached at which the nett torque
on the rotor becomes zero. If the external shaft torque is itself zero, corresponding to no-
load operation, ideally the rotor will speed up till ¥, = N_

At a general value of slip s, a revolving magnetic field moving at synchronous speed N, with
reference to the stator will cut the rotor at slip speed s N Since this field has P-poles, it
must induce emfs and currents having a frequency

PN _ ps (120f .
sl = 19 = gf, the slip frequency.
120 10| p | hestipfrequency

The rotor currents, (3-phase in a wound rotor and multi-phase in a squirrel-cage), will
therefore set up a revolving field whose speed, with reference to the rotor is 120(sf)/P = sN,
However, since the rotor conductors are themselves moving at a speed N, = (1 — 5)N,, the
revolving magnetic field set up by rotor currents will also move, like the field due to stator
currents, at synchronous speed N, with reference to the stator. The resultant magnetic field
in the air-gap, due to the combined action of both stator and rotor currents, is therefore also
a revolving magnetic field moving at synchronous speed with reference to the stator and at
slip speed with reference to the rotor. In computing induced emfs in conductors, it is this
resultant magnetic field that must be taken into account.

Example 8.5

An 8-pole, 50 Hz induction motor runs at 720 rpm when on full-load. What is (a) the
slip of the rotor, (b) the speed of the stator field with reference to stator, (c) speed of
the stator field with reference to rotor, (d) frequency of rotor currents, (¢) speed of
rotor field with reference to rotor conductors, (f) speed of rotor field with reference to

. stator conductors?
Solution
(a)  The synchronous speed N, = ~2—0£ 8 ——=750 r[;m
Therefore slipzN‘r — N 70-720 30 004

N, 750 750
(b)  This speed is N, viz., 750 rpm
(c)  Thisis the slip speed sN; = 0.04 X 750 = 30 rpm
(@  Frequency of rotor currents is 5f = 0.04 x 50 = 2 Hz.
(¢)  This speed corresponds to the synchronous speed for slip frequency currents, viz.,

%‘I _30 pm

© As explained in the text, this is equal to the rotor speed (720 rpm) plus the speed
of rotor field with respect to rotor (30 rpm) i.e., the synchronous speed N, =750 rpm.

SAQ 4

A three-phase 50 Hz induction motor runs at nearly 1500 rpm at no-load. Determine
(i) the number of poles on the motor; (ii) the speed of the rotor when the slip is +5%
and the corresponding frequency of rotor currents; (iii) the speed of the rotor when
the slip is —5% and the corresponding frequency of rotor currents.



8.4.4 The Equivalent Circuit

Consider a wound-rotor induction motor at standstill, with the axes of the three rotor phases
aligned with the axes of stator phases. Each pair of stator and rotor phases then corresponds
to a single-phase transformer with short-circuited secondary and may be represented, after
referring all rotor (secondary) quantities to the stator (primary), as shown in Figure 8.14. In
this figure, X, and X, are leakage reactances at stator frequency f, due to stator and rotor
leakage fluxes.

Rs X J1X2 R2
+ ——AMN—>— — ="MW/
T I4 I I5
Vc Rg Xg

Figure 8.14 : Equivalent Circuit with Stationary Rotor

R; and R, are stator and rotor resistances per phase, X,, is the magnelising reactance and R,
is the core-loss resistance.

The rotor reacts on the stator through the magnetic field set up by rotor currents. We have
seen in the last section that this magnetic field always moves at synchronous speed with
reference to the stator. It is then possible for us to find an equivalent stationary rotor
carrying currents at stator frequency f, perhaps with different values of resistance, which
will produce the same revolving magnetic field as that due to the slip frequency currents in
the actual rotor. A transformer type equivalent circuit can then be readily deduced for this
equivalent induction motor, as shown below.

Let E, be the induced emf in a rotor phase when the resultant magnetic field sweeps past it
at synchronous speed N, . Then, in the actual rotor, the induced emf will be £, , the
frequency being sf. If X, , is the rotor leakage reactance at frequency f, reactance at slip
frequency sf will be sX, . The actual rotor current per phase will be related to the rotor emf
by the phasor equation (all phasors at frequency sf),

SE, = (R, + jsX,) I,

On dividing both sides by s. we get
—_— R2 . p—
Ey=|1"+i% | h (8.19)

Consider now the effect of replacing the actual moving rotor by a stationary rotor, having

: R
the same number of turns, a leakage reactance X,, but a resistance which is changed to Tz

The equation relating the rotor current to induced emf will then be identical to Eq. (8.19), all
phasors being now at a frequency f. The currents in this equivalent rotor will set up a
revolving magnetic field which, as seen from the slator, is exactly the same as that of the
actual rotor. Since this rotor is now stationary, we can represent the behaviour as seen in a
stator phase by the transformer type equivalent circuit shown in Figure 8.15. Such an
equivalent circuit is valid for both wound-rotor and squirrel-cage rotors. In both cases, the
rotor at slip s is replaced by an equivalent, three phase stationary rotor.

Ry J X jXg R,y/s
+ o MA— Y UP _ m\_!_/v/\,_.
Iy Ig I

2

__+
Rg f¢ jX¢

?-—<l—m

Figure 8.15 : Equivalent Circuit at Slip s
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The parameters of the equivalent circuit can be estimated by measuring the dc resistance of
a stator phase, and by performing the no-load and blocked-rotor tests. If the stator is
star-connected and we measure the dc resistance between any two line terminals, we would
get 2R, ., where R, . is the dc resistance of one phase. When altemating currents at
frequency f flow through the stator, because the lower parts of conductors in slots have a
higher inductance and flux linkage, the current density across the conductor becomes
non-uniform, more current flowing in the top parts of the conductors. Effectively the ac
resistance is then higher, by some empirical factor, than the dc value. Thus R;,. = aR, .
where o is an empirical constant greater than unity. In the no-toad test, the induction motor
is run with no-load on the shaft, the stator being supplied at the rated voltage and frequency.
Under these conditions, since the rotor current is negligible, the equivalent circuit has the
form shown in Figure 8.16.

Riac %1

i;
Aa

Figure 8.16 : Equivalent Circuit under No-load.

In the no-load test, the supply voltage V,, the input stator current /, and the input power per
phase P, are measured. If X, can be estimated, knowing the value of R, ., R, and X, can be
calculated. Since the no-load test is performed with the rotor running close to synchronous
speed, the input power must also supply the mechanical power lost in overcoming windage
and friction. Hence power loss in R, represents the iron losses plus the no-load windage and
friction losses.

In the rotor blocked test, the rotor is blocked or prevented {rom moving. Under these
circumstances, the slip § = 1. Also, only a low supply voltage V, is applied so as to restrict
the stator current to full load (or 1.25 times full-load) value. As rated voltage produces 5 to
8 times full-load current, V,is only somne 15 to 209 of the rated voltage . The voltage
appearing across the shunt branch of the equivalent circuit in Figure 8.15 is even less, being
of the order of 50% of Vi, . As a conscquence, the exciting current /, becomes quite
negligible in this test and hence the shunt branch can be replaced by an open-circuit and
removed. The equivalent circuit corresponding (o the rotor blocked test is then as given in
Figure 8.17.

Riac 1% JXq Raac
+ o——AM—>—JiB — T ——W—

Igy

]
}

Figure 8.17 : Equivalent Circuit with Blocked Rotor

Under actual operating conditions, the full-load slip is usually less than 0.05. As a
consequence, the rotor is subjected to very low frequency (nearly dc) currents. For
calculations near full- load, it is the dc value of rotor resistance that must be used. In .
practice, instead of the supply trequency f(50 Hz), a supply at a reduced frequency f,

(= 15 Hz)is used. Parameters obtained from a rotor blocked test at supply frequency f, can
be used for calculations at starting conditions of the motor, when the rotor trequency is also
near f. For calculations under normal load conditions, parameters obtained from a blocked
rotor test at a reduced frequency should be used. The equivalent circuit coresponding to a
rotor blocked test at a reduced frequency f, is given in Figure 8.18. In the equvalent circuit,
X, and X, are taken to be the reactance values coresponding to the supply frequency f.
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Figure 8.18 : Equivalent Circuit for Rotor blocked test at Reduced Frequency f2
By measuring Vy, I, and the input power per phase P, knowing R, and R, (X; + X;) can
be determined. If we know the ratio (X,/X,) from design considerations or otherwise, X, and
X, can be separately found.

The determination of the equivalent circuit parameters from test data is illustrated in
Example 8.6.

Example 8.6

The dc resistance per phase of the stator of a 230 V, 50 Hz, three- phase, 4-pole
induction motor is 0.3 . In the no-load test, V, = 230 V (between lines), [, = 6.0 A
and the input power to all three phases is 400 W, A rotor blocked test is performed at
15 Hz, with an applied phase voltage of 12 V. The current per phase I = 20 A, the
total input power being 680 W. Find equivalent circuit parameters suitable for
calculation near full-load. (Assume that ac stator resistance = 1.2 dc resistance and

that X, = X,).
Solution
Rotor Blocked Test

Refer to Figure 8.17.

Py =I% (R, + R,) implies 6—§9 = 20°(R, +Ry)

Therefore (R, + Ry) = 5)6(8—200 =0.567 Q.

These resistance values being at 15 Hz may be considered as giving d.c. values.
Therefote, Ry, = (0.567 - 0.3) = 0.267 Q

2 2
V,

Also A= 2312 = (R, + R2)2 + L X + X2)2
Iy f

2 2
i Q = 72 _l_i 2
1.e., (20 J 0.36 = 0.567° + {50 ] (Xl + Xz)

0.321 +0.09 (X, + X,)*
SO]VIIlg, (Xl + Xz) = 0.658 Q
Therefore X; = X; =0.329 Q.

No load test
Here R;,,=1.2%x03=036Q; X;=0.329Q

Py 400
Volp V3 x 230 x 6

Also p.f. of circuit (Refer Figure 8.16) =

ie., cos ¢, = %09% =0.1674 or ¢, = 80.36°

Therefore sin ¢, = 0.9859
So, if we take the supply voltage per phase as the reference

VO=%+10=132.8+j0

Ty = 6 (cos ¢, ~ j sin ;) = 1.00 —j5.915
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Therefore, voltage drop across the shunt combination
=V, — (R, +jX) 1, =132.8 - (0.36 +j 0.329) (1 - j5.915)
=130.5 +j1.80 =V, (say)

Ve  130.5% + 180 iisq
(P, — BR)  (400/3) — 1296

Therefore, Ry =

| p -
Current through R, = = =0.9223 +5 0.0127
¢

Therefore current through X, =1, - (0.9223 + j0.0127)
=0.078 - j 5.93
Magnitude of current through X, = V0,0782 + 5932 =593 A
Therefore X, = Vo . N130.5" + 1.80° 55
5.93 5.93
To summarise: R, = 0.36 Q, Ry, =0.267Q, X, =X,=0.320Q
R, =1415Q;X,=220Q.
Note: The value of R, to use for calculations near full-load is the d.c. value, viz., 0.267 Q.
SAQ 5

When a rotor blocked test at the supply frequency of 50 Hz is performed on the
induction motor of Example 8.6, the test results were :

34
V3

Find the corresponding values of R,, X and X,.

Ve = V, Ig = 19 A, the total input power being 880 W.

8.4.5 Torque-speed Characteristics

An induction motor operating at a steady speed N, rpm has a speed in mechanical radians
per second given by

_ 2N,  2m(1-g5)N, _ 2m( 120f Ly = (1 A
@ = T2 = = ~ 60[ 5 Ju $)= (-9 (820)

If the load torque on the shaft is 7 Nm, the output mechanical power P,, = ©,T watts. The
output mechanical power is, however, equal to the input electrical power into all three stator
phases minus the mechanical, iron and copper losses in the machine. From the equivalent
circuit shown at Figure 8.15, the input electrical power per phase is equal to the power loss
in the resistances of the equivalent circuit and is equal to

2
PR, + E . 12 Ry
Ry
The stator and rotor copper losses per phase are respectively equal to I% R, and I% Ry,

E2 .
whereas the (mechanical losses + iron losses) are equal to {Eﬁ . Therefore, deducting

¢
these losses from the input power per phase, the output mechanical power per phase must be

R
givenby| 3 —S—Z—I% R,| =ER, _1s;s

The mechanical output from all three phases is, therefore,

P,=0wT-= 31§R2[is‘—sj (8.21)



Now, if ®, = synchronous speed in radians/sec = %I)—‘ N, = 5%-{ ,then @, =(1-5) A.C. Machines

Thus, P, = (1 - $)®,T = 313R, {L.=35) (8.22)
’ N

o, anf

2(R
Hence, T = 353(Fss) _ [i ]3 B3(Rys ) Nm. (8.23)

For approximate calculations it is sufficient to use the approximate equivalent circuit of
Figure 8.19, derived from the exact equivalent circuit of Figure 8.15.

In this figure, the excitation branches R, and X, have been shifted to the supply terminals
and the resistance R,/s has been written as equal to {R, + (1 — 5) Ry/s} and is shown as two
resistances in series to the right of the dotted line AB. The power loss in Ry(1 ~ s)/s then
corresponds to the mechanical power output per phase.

A Ro
MN

Rzg-s)g

+ O

A —— S

st-—————1

] Figure 8.19 : Approximate Equivalent Circuit
From the equivalent circuit, ‘
2
2 _ Vl
2~ 2 2
R, + R/ + (X, + X,)

Hence, substituting in Eq. (8.23), the torque in newton-metres is given by
Vi Ry/s
T=|2£ L (8.24)
ar f R, \ 2
R, + 5 + (X, + Xy)

From Eq. (8.23), maximum value of the torque occurs when 15 ng/ s ]is a maximumi.e.,

when the power transferred to the right of the line AB in Figure 8.19 is'maximum. By the
maximum power transfer theorem, this happens when

R,

smax

=VR? + (X, + X,)? (8.25)

Thus, the slip s,,,, at which the maximum torque occurs is given by

R,

S = >
VR + (X, + Xp)?

(8.26)

max

Substituting this value for s in Eq. (8.24), the maximum value of the torque is found to be,
on simplifying,

2
=3P Vi ' 8.27)
anf 2{R, + NRT + (X, + X,)* |

max

From Egs. (8.26) and (8.27) we find that whereas the slip at which maximum torque occurs
is directly proportional to R,, the value of the maximum torque itself is independent of R,.
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For good efficiency, the losses in the induction motor should be kept small. In practice, this
requires that the value of the rotor resistance must be small. From Eq. (8.26), a small value
of rotor resistance implies that the slip at which maximum torque occurs is also small. In
commercial induction motors, s,,,, usually lies between 0.08 to 0.20 (8 to 20%). The rated
full-load torque is usually about half the value of the maximum torque and occurs at a value
of s between 0.03 to 0.07. The torque-speed characteristic of an induction motor with a
fixed value of rotor resistance is shown as curve I in Figure 8.20.

b

FULL LOAD
e TORQUE

R2 increasing

1 »
0 0.5p.u 1pu Np
p— 5205 520 >

Figure 8.20 : 'Torque-Speed/Slip curves for wound-rotor Induction Motor

In the figure, the speed N, is expressed as a fraction or per-unit (pu) of the synchronous
speed. The corresponding values of slip s = (N, — N,)/N, are given immediately below values
of N, on the speed axis.

Curve I could bé the torque-slip curve of a wound rotor induction motor (Figure 8.11)
short-circuited at the slip-rings. If more resistance is included extemally into the rotor
circuit, R, increases and hence the maximum value of torque will occur at an increased slip
as shown by curve II. In both cases, the intercept on the torque axis at N, = 0, s = 1 gives the
starting torque. Thus, by increasing the rotor resistance we can increase the starting torque
of the motor. In fact, if a sufficient amount of external resistance is added, the maximum
torque developed can be made to occur at s = 1 as shown by curve II1. If such external
resistance is kept continually in circuit, the slip at full-load will also be quite large and,
since for the same 1, the copper losses in R, are larger, the efficiency will be less.
Therefore, external resistances are inserted in the rotor circuit of a wound rotor motor
during starting in order to generate good starting torque and are shorted after the machine
picks up speed. Calculations pertaining to rotor resistance control are illustrated in
Example 8.7 and SAQ 6.

In discussing the equivalent circuit of an induction motor in Section 8.4.4, it was stated that
because of skin effect the ac resistance value of a conductor in a slot is higher than that for
dc. In the rotor of an induction motor, at normal loads, the rotor current is at slip frequency
and, even at 6% slip, this corresponds to only 3 Hz for a stator supply frequency of 50 Hz.
So, under normal load conditions, the rotor resistance corresponds roughly to the dc value.
In squirrel-cage induction motors, special designs are used for the rotor conductors (deep
bar, double-cage etc) which effectively cause a considerable increase in rotor resistance (and
also, reduction of rotor leakage reactance) at start, when the rotor frequency equals stator
frequency. At full load, when the slip and rotor frequency are small, the rotor resistance
approaches the much smaller dc value. Such rotors provide, good starting torque while still
maintaining good efficiency at full load. Some typical torque-speed curves for such
specially designed squirrel-cage motors are illustrated in Figure 8.21.
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Figure 8.21 : Torque-speed Curves of Cage Motors

If rated voltage is supplied to an induction motor, the starting current may be five to eight
times the rated full-load current. While full voltage starting may be acceptable for small
induction motors, for larger motors special starting methods must be used. These are
considered separately in Unit 9.

Example 8.7

A 220V, 3-phase, 50 Hz induction motor is wound for 6 poles, with the stator
winding connected in star. The equivalent circuit parameters in ohms referred to a
stator phase are :

R;=030Q,R,=0.15Q, X;=0.60 Q, X,=0.25Q
Ry=110.0Q and X, = 13.5Q

(a) Compute the output torque, power, speed, stator current, p.f. and efficiency
when the slip is 2.5% (use the approximate equivalent circuit).

(b)  What is the value of the maximum torque developed and at what slip does it

occur ?
Sclution _ A5 S |
1, I, 0300 j0.85.0. = 025"
ro——ar —> MA a1 1 0 "fd'
127ZTQ° ¥ Irg
Vo .
‘ 1100 j135n.

Figure 8.22 : For Example 8.7
(a)  Refer to Figure 8.22
Voltage per phase = 2—\/23—0 =127V;

Angular speed of rotor for a slip s of 0.025 is @, = (1—s) 4—;?

Speedinrpm = (1 -5) . 1_3)0[ = 0975 x 120 X 50 _ 975 pm
6

Taking the stator supply voltage as reference

_— 2 _ 127 +jO_

L, = =
R .
[Rl + —f] +iX + X)) [0.3 + 8'01255]+j(0ﬁ + 0.25)

A.C. Machines
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Measuring Instruments = (6.3 + j0.85) = 6.32 - 0.852 = (19~80 —j2-67)A
- Y 127 127
I, = L -j—+ ==L _j=2L 2 — J
¢ T R Tx, T 100 J 135 =115 - P41 A

Therefore I, = I, + I, =20.95-12.08 =24.18 £ -9,

where cos ¢ = %?—2- = (0.866

From Eq. (8.23),

hﬂ
I

P .
[Z;[?j 3 122 (Rz/s)

(—6——J x 3 x(19.80> +2.679)%x 6

41 % 50

108 x 399.17 _
= d—_628.32 = 68.61 Nm

Output power =313 R, Q;—sl =3%399.17 X 6 X 0.975

=7005 W
Input power = 3 x 127 X 20.95 = 7982 W

Therefore efficiency = 7005 =(.88

7982
() From Eq, (8.26)
Smay = Ry _ 0.15
VR 2+ (; + X2 V3% + 0852
=0.166
K v,

Thax =

2R+ R 24 x; + Xp)?)

_18 1272
T400r T (0.30 + 0.9014)
=192.3 Nm

SAQ6
(a)  Assuming that s = 0.025 corresponds to full-load for the machine of Example
8.7 and that the machine has a wound rotor, determine the starting torque and
starting stator current in per unit of the full load values with the rotor windings
short-circuited at the slip rings.

(b)  What external resistance must be added into each rotor phase if maximum
torque is to occur at start ? Determine the resulting starting torque and current
in per unit of full-load values. (Assume that the rotor is star-connected and its
effective turns per phase are equal to 0.7 times the stator turns.) Comment.
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8.5 SINGLE-PHASE MOTORS

The single-phase ac supply is the electrical power supply most readily available to
consumers in rural areas and in homes and offices. For use on such supplies, because of its
low cost, ease of maintenance and robustness, the singlc-phase induction motor with cage
rotor is the most popular machine. Single-phase induction motors using a shaded-pole or
split-phase construction are the lowest cost motors available in the fractional kilowatt range

- and find extensive applications in fans, blowers, centrifugal pumps and office equipment,
where starting torque requirements are moderate. For use in compressors, pumps,
refrigerators and air-conditioning equipment requiring larger starting torques, various types
of capacitor start and split-capacitor motors are used.

The series commutator motor, when suitably designed, can operate as a dc and/or ac series
motor. In this form it is usually referred to as the universal motor. Such motors can be
worked at high speed providing high power for a given motor size and are therefore much
used where light weight is important. Portable tools, vacuum cleaners and kitchen
appliances like mixies which operate at high speeds ranging from 1500 to 15,000 rpm are
usually powered by universal motors.

Other special types of electrical machines used on single-phase supply include hysteresis
motors, stepper motors and various kinds of servo-motors and position indicators. In this
section we will confine our attention to the single-phase induction motor and the universal
molor.

8.5.1 Cage Rotor with Single Phase Stator

In Section 8.4 we saw that a stator phase carrying current i =1, cos wr will, acting by
itself, set up a pulsating flux density distribution in the air-gap given by

By=B,,cos § cos wt, where 0 is measured in electrical radians from the axis of the phase
winding. Using trigonometric identities, this may be re-written as

By = % { cos(® —wr) + cos (8+wi) | (8.28)
A single-phase ac winding, therefore, acting by itself, results in two revolving fields of
equal amplitude moving in opposite directions at the synchronous speed corresponding to
the frequency of the ac supply and the number of poles for which the stator is wound. Just
as in the three phase induction motor, each of these revolving fields will induce rotor
currents which also produce revolving fields moving in step with the inducing stator fields.

Like the three-phase induction motor, the single-phase induction motor can also be
modelled by an equivalent circuit. At standstill, the induction motor behaves like a
single-phase transformer, the short-circuited bars of the squirrel-cage being equivalent to a
short-circuited secondary. The corresponding equivalent circuit is therefore that of a
single-phase transformer with short-citcuited secondary, and is shown at Figure 8.23 (a). (In
this figure, R,, the component accounting for iron losses and mechanical losses in the
equivalent circuit used for three phase induction motors, has been omitted.) .

When the rotor is in motion, this simple model of the motor is no longer valid because the
rotor interacts differently with the two revolving fields set up by the stator current, Let us
designate the revolving field moving in the same direction as the rotor the forward field, the
other being termed the backward field. Let the synchronous speed corresponding to the
supply frequency and the number of poles be N, rpm while the speed of the rotor is N, rpm.
Then N, =((1- 5p) N,, where sfis the slip of the rotor with reference to the forward field. As
far as the backward stator revolving field is concerned, the rotor is moving in the negative
direction with a speed equal to N, = (1 - sf) N,. The slip s, of the rotor with reference to the
backward field is therefore given by

N, - [-(1-3$)]IN,
5, = =2y (8.29)

s

Since the same stator current is responsible for producing both the forward and backward

revolving fields, it is as though two polyphase induction motor stators, one producing a

forward field and the other a backward field were connected in series. It can be shown that
_the corresponding equivalent circuit of the cage motor with single-phase stator winding will
' be as given in Figure 8.23(b)
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J(%2/2)
(b) While running

Figure 8.23 : Equivalent Circuit of Single-phase Induction Motor

Since the slip of the rotor is s, with respect to the forward field, rotor currents induced by the
forward field have the frequency (s; f). The frequency of currents induced by the backward
field is, similarly, (s, /) = (2 — sf. These two frequencies are equal only when s, =5, =1,
i.e., at standstill. Whenever the speed of the rotor is different from zero, the rotor bars
therefore carry two sets of currents at two different frequencies. These two currents are
referred to as I,;and I, in Figure 8.23(b).

As for the three phase induction motor, the output mechanical power per phase associated

with the forward field is given by /

R
% ﬁ] (1 — s watts. If the supply frequency is f and
s .

the number of poles P, the rotor speed N, is (1 — s P %)[ pm =(1 - 5) 4—}’:f radians

per second. The torque in the forward direction is therefore

P 2| Ra |1 .
. T,=|—|. 151 —= [— Nm .
| ! [4”] Z{ 2 J’f R
Similarly, the torque associated witht the backward field is
P 2 | R2 1
T,=|—1 15| -~ |———— Nm :
b (41”.} Zb{ 2 ](Z—Sf) (8.31)

Since T, acts in the opposite direction to 7} the nett electromagnetic torque developed by the
single-phase induction motor is

cromy =[P R VE__B ‘
T=0 T’?)_(4nf][2]{sf Q-3 (832)

. At standstill s, = 5, = 1, and it is clear from the equivalent circuit that /,,= I,,. The

single-phase induction motor therefore develops zero nett torque at standstill. The
torque-speed characteristic of the single-phase induction motor is shown by the continuous
curve in Figure 8.24. '
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Figure 8.24 : Torque-speed curve of Single-phase Induction Motor

For comparison, the torque-speed curves of a three phase induction motor of comparable
full-load torque are also given by the dotted curves. (The top curve refers to operation with a
supply phase sequence producing only a forward revolving field, while the bottom curve
refers to a supply of opposite sequence.) In the region from no load upto full-load, the
single-phase motor behaves very nearly like a three phase induction motor. However,
because of the two different frequency currents in the rotor, the single-phase motor produces
pulsating torques making the motor inherently more noisy than the three-phase machine. Its
main disadvantage is that it develops zero torque when the rotor is stationary and is,
therefore, not self-starting.

SAQ7

A 220V, 50 Hz, 4-pole single-phase induction motor has the following equivalent
circuit parameters at standstill:

RI = 20 Q, R2=4OQ
X1= 2.69, X2= 2.0Qa.ndX¢=7OQ

(a)  Draw the equivalent circuit for the machine when it is running at a speed of
1425 rpm.

(b)  What are the frequencies of the rotor currents induced by (i) the forward field;
(ii) the backward field? '

(c) Estimate the torque devéloped by the motor. (For simplicity, negleét the stator
resistance and leakage reactance). What is the ratio of the forward torque to
the backward torque?

8.5.2 Use of Auxiliary Windings

Like other polyphase windings, a balanced two-phase winding carrying balanced two-phase
ac currents results in a uniform rotating field moving at synchronous speed. Consider the
case of two windings of unequal turns, separated in space by an electrical angle o.. Calling
one winding the main winding and the other an auxiliary winding, let the main winding
current be i, = I, cos wt and the auxiliary winding current Ig= I, cos (wz — B). The overall
flux density distribution in the air-gap due to these two currents alone may then be written
as

Br(0,1) = BycosO.coswt + B, cos (8 — @) cos (wt — B) (8.33)

If there is no spatizil separation between the axes of the two windings, o =0 and

B,;(O, H = {BM cos wr + B, cos (wt - B)} cost) (834)
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If a#0,but f=0,i.e. if there is no time phase difference between the currents in the two
windings which are seperated in space,

Bp(0,1 = {BMcose + B,cos (6 — o) } cos wt (8.35)

In the case of Eq. (8.34) we have a stationary pulsating flux of radian frequency w along the
common axis of the two windings. In the case of Eq. (8.35), we again have a stationary
pulsating flux, but along an axis intermediate between those of the main and auxiliary
windings. Consequently in both these cases, the resultant flux density distribution is a
stationary pulsating flux similar to that produced by a single coil carrying alternating
current. Hence, in both these cases there can be no starting torque.

However, if neither oo nor B is equal to zero, i.c.. if the main and auxiliary coils are
displaced from each other in space and the main winding current and auxiliary winding
current have a time phasc diffcrence, the forward and backward revolving fields due to the
combined action of both windings will be unequal in magnitude resulting in a nett starting
torque. (Optimum starting conditions obtain when the two windings are separated in space
by 90° electrical and have a time phase difference also of 90° as in the balanced two phase
case. Here, only the forward field exists, the backward field being zero). This condition has

_ been-extensively used, leading to the design of a variety of self-starting single-phase motors.

The principal types of such motors are introduced briefly in the paragraphs that follow.

In shaded-pole motors, starting torque is obtained very simply by using a shading ring.
Figure 8.25 is a schematic representation of the constructional features of such a motor. The

Im MAIN
7T Da— WINDING
SHADING
4 RING
| Pum <P
m @)
O CAGE ROTOR O

Figure 8.25 : Shaded-pole Motor

motor has salient poles with a portion of each pole surrounded by the shading ring which is
a short-circuited turn of copper. Induced currents in the coil cause the flux from the
unshaded portion of the pole to lead the flux from the shaded portion. This may be
understood by reference to the phasor diagram shown in Figure 8.26, where, for simplicity,
the influence of rotor currents has been ignored and all quantities have been referred to the
main winding on the pole. The main winding on the pole acts as the primary of a _
transformer, whose single-turn secondary (the shading ring) is short circuited. The flux @,

through the shading ring then constitutes the mutual flux which induces £ in the primary

and E, in the secondary. If the shading ring has a resistance R, and a leakage reactance X,, a
lagging current 72 will flow in the shading ring as shown in the figure. The primary current
I, (which is the main winding current /,,) combines with the shading ring current /, to yield
the exciting current I, needed to set up the mutual flux @, .The flux passing through the
unshaded portion of the pole (neglecting hysteresis and eddy current effects) must be in time
phase with the main winding current 1, . This is shown as the flux §,, in Figure 8.26.
Clearly, therefore, we have produced two pulsating fluxes , @, and, ¢, which are

separated in space and also have a time phase difference corresponding to the angle vy .
Hence this construction results in a starting torque. Since @Q,, leads ¢, in time, @,,reaches
its maximum value first, and only later @, reaches its maximum value. The magnetic field in
the air-gap therefore moves from the unshaded portion towards the shaded portion and this
is the direction in which the rotor will move. Such motors are simple in construction, though
their starting torques and efficiencies are not high. Because of their low cost, they find
extensive application in fans and other devices with power ratings of about 1/10 kW or less. .



- A.C. Machines

/o
7 JloXs

-i 2 Figure 8.26 : Phasor Diagram for Shaded-pole-Motor

The permanent split-phase motor shown in Figure 8.27 has better starting torque than the
shaded pole motor. The auxiliary winding, which is wound in space quadrature to the main
winding, is used only for starting purposes and has comparatively high resistance. Because
of the difference in the magnitude and nature (proportion of R to X) of the impedances of
the two windings, the currents are out of time phase with each other thereby providing a
starting torque. Usually, once the motor comes upto about 70% tull speed, the centrifugal
switch § opens, disconnecting the auxiliary winding. Such motors have moderate starting
torque with comparatively low starting current and are available in the 1/20 to 1/2 kW range.

AUXILIARY
WINDING

4+ 0

!

_  MAIN
V' WINDING

|

— o -

CENTRIFUGAL
SWITCH

Figure 8.27 : Permanent Split-phase Motor

The starting torque and rotary effect can be greatly enhanced if the auxiliary winding is
made (o take leading current as compared to the main winding. In capacitor start

induction motors, this is done by introducing a capacitor in series with the auxiliary
winding, a centrifugal switch being used to disconnect the winding when the machine has
reached about 75% rated speed. A simpler arrangement would be (o eliminate the

centrifugal switch altogether, and leave the auxiliary winding with series capacitor
permanently in circuit. Such an arrangement can reduce torque- pulsations, and improve
power {actor and efficiency under running conditions. However, whereas a large capacitor is
needed to produce maximum starting torque, a much smaller capacitor is needed for good
performance near full-load. Hence such permanent split-capacitor motors or
capacitor-run motors, though they are self-starting, cannot provide as much starting torque
as the capacitor start motors. Such motors are commonly used for ceiling fans among other
applications. A third scheme, which is more expensive, uses an additional capacitance, in
paralle! with the capacitor meant for running conditions o provide good starting torque.

This capacitance is disconnected from the supply by a centritugal switch on reaching about
70% synchronous speed. Such motors are referred to as capacitor-start and run-motors.
The circuit diagrams of these capacitor motors are shown in Figures 8.28 (a), (b) and (c). 103
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Figure 8.28 : Cage Motors using Capacitors

8.5.3 The Universal Motor

If the supply to a dc series motor is reversed in polarity, the direction of the armature current
reverses. Simultaneously, since the current in the series field winding also reverses, the
direction of the magnetic field also reverses. As a consequence, the direction of the
developed torque remains unchanged and the motor will continue to run in the same
direction as before. (If a series motor is to be made to reverse its direction, it is necessary to
reverse the direction of either the field current or the armature current, but not both). If such
a motor is made to carry an alternating current, whatever be the instantaneous direction of the
current, the direction of the developed torque will remain unchanged. However, unlike the
situation when the supply is dc, the fluctuating armature and field currents will resultin a
unidirectional fluctuating torque, ranging from zero to maximum value, at twice the supply
frequency. Because of the high frequency of torque fluctuation, and the inertia of the rotor
104
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and connected load, the rotor will run at a nearly constant speed (for constant load torque) as
determined by the average value of the developed torque.

However, a machine designed exclusively for use as a dc series motor can not function
successfully on a 50 Hz ac supply. Such a motor, because of the constant and unidirectional
nature of its magnetic field, will usually have a cast steel yoke and poles. On ac, the
magnetic field will be alternating in nature and because of the demagnetising action of.
induced eddy currents in the iron, the field in the yoke and poles, in addition to being greatly
attenuated, will not be in time phase with the current in the field windings. To counteract
this, a series motor designed for use on ac must employ laminated steei. Further, whereas on
dc there is only a resistance (IR) voltage drop across the field winding, on ac there is an
additional reactance (IX) voltage drop. If the voltage appearing across the armature is not to
be too greatly reduced by the voltage drop across the series field winding, the inductive
reactance drop must be kept within limits by employing comparatively fewer winding turns
on the field poles. Also, sparking problems are more pronounced in ac commutator
windings and require special consideration in design. Because of all the above reasons, a
machine designed for use as a dc series motor cannot be used successfully on ac. However,
a series motor designed for use on ac is indeed a universal motor in that it can be readily
used on dc and will operate with higher efficiency, higher torque for the same effective
current and less noise.

Like the dc series motor, universal motors on ac also provide high starting torque, the speed
dropping rapidly with increasing load. Unlike the single-phase induction motor whose speed
is restricted to be less than the synchronous speed (3000 rpm at 50 Hz for two poles),
universal motors can be designed to operate at much higher speeds usually in the range from
1500 rpm to 15,000 rpm. Since higher speed motors are smaller than low speed motors of
the same power rating, high speed universal motors are comparatively light in weight. As”
already mentioned in the introduction to Section 8.5, such motors find extensive application
in portable tools like electrical drills, vacuum cleaners and kitchen appliances such as mixer
grinders.

A.C. Machines

Example 8.8
Neglecting saturation, hysteresis and eddy current effects, show that the average
torque developed by a universal motor is proportional to the square of the rms value
of current.

Solution

If saturation etc. are neglected, the flux per pole will be instantaneously proportional
to the field current i,(#). Since the armature also carries the same current, the

instantaneous torque will be proportional to i2(?) and so let it be Xi? ().

If the period of the alternating current is T seconds, the average developed torque
during a cycle will be

T
_1 2 _ell 2
T, = T{ K2 (@) dt = K{T ]0 ;,,dt}

=K I?,, where I, is clearly the-rms (root mean square) or effective value of i (0.

8.6 SUMMARY

In Section 8.2, after a brief consideration of the constructional features of salient-pole and
cylindrical rotor alternators, you learnt how to calculate the induced emf in ac windings and
use the synchronous impedance method for studying the synchronous machine on load. You
were then introduced, in this and the next section to the notion of the torque or power angle,
and to the generating and motoring action of a synchronous machine on an infinite bus.
Finally, the application of synchronous motors as condensers for power factor improvement
was considered.

In Section 8.4 you learnt how a revolving magnetic field is produced by three-phase
currents in a three-phase ac winding. Next, the equivalent circuit of the induction motor was
derived and methods of determining its parameters from no-load and blocked-rotor tests
considered. You learnt how to calculate performance characteristics of a 3-phase induction
HOtOr using its equivalent circuit. Finally, in Section 8.5 you were introduced to various

forms of single-phase induction motors and the single-phase ac series motor. 105
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SAQ1

Phase voltage of power system V, = é% = 2887 V. This is also the magnitude of

the generated emf pef phase. If we take V, as the reference phasor, l_/a = 2887 +j0
So, if E, leads V, by 8, E, = 2887 cos & + j2887 sin &
_E,—V, _ (2887 cos - 2887) + j2887 sin &
JX; J1.5
=1924.7sin 8 + j(1 — cos & ) x 1924.7
Therefore power supplied by phase A.

= 2887 x 1924.7 sin 8 W = 5556.5 sin & kW

4000
3

Therefore sind=

I,

=1333.3kW

13333 _ .
55565~ 02400

Therefore 8 = 13.88°
Armature current I, = 1924.7 sin 8 + j (1 — cos 8) 1924.7 =461.93 +j 56.20

Therefore I,=N461.93% + 56.2° =465.34 A

Generator kVA for all three phases = 3E,J,=3 x 2887 x465.34 VA
=4030.3kVA

_ _ 4000 _
P.F. of supply by generator = 20303 = 0.9925

The current I, leads V and so the generator operates at a leading p.f.
SAQ2

_5000,000_
V3 x 5000

Phase voltage V, = é\(/)% = 2887 V: Full load current [, =

=5774 A
So, LX,=5774x1.5=866 V

Iaq Va

-jlaXs

Ea

() -

© =8

Phasor Diagrams Eq
Figure for Answer to SAQ 2

(a)  Refer to Figure (a). For unity p.f., ¢ =0, and, with IR, =0, jI,X; is atright
anglesto V, .

Therefore, E, = \/szz + (LX)? = ‘/28872 + 8662 = 3014 V per phase.

1 LX 866
$ 1 7a™s = -1 _OVY
=l =t ey

(b) Refer\to Figure (b). Here cos ¢ = 0.8 and sin ¢ = 0.6.
106 Component of E, in phase with V, = V, - X, sin ¢

=16.7°



= 2887 - 866 x 0.6
=23674V
Component of E, perpendicular to V, = IX, cos ¢ = 866 x0.8 = 692.8 V.

Therefore per phase emf E, = \/2367,42 + 692.82 =2466.7V

692.8
tan & = 23674 0.2926
$ =1631%

(¢)  Refer to Figure (c). For this case as I,R, =0, cos ¢ = 0.8 and sin ¢ = 0.6,
the inphase component of E, = V, + IX, sin ¢ = 2887 + 519.6 =3406.6 V
Component of E, perpendicular to V, = IX, cos ¢ = 692.8

Therefore per phase voltage E, = \/3406.62 + 692.8°
=3476.3V

a1 692.8
3406.6

6 =tan =11.5°

SAQ3
If we interchange the supply to phases B and C for example, i, = I,, cos (wt + 21t/3)
and i, = I, cos (wt — 21/3). So, proceeding as in the derivation of Eq. (8.16)

By, = KI,{cos 8 cos wt+ cos (9 —2r/3) cos (wt + 2r/3)
+ cos (8 + 2n/3) cos (wt — 2n/3)}

Sm
2
{cos (8 —wt —4m/3) + cos(0 + wr)} + {cos(0 — wt +47/3) + cos(6 + wi) }]

The terms cos(9 — wi), cos(0 — wt — 4n/3) and cos(0 — wt + 4nt/3) add upto zero, the
resultant now being

[{cos(® —wt) + cos (B8 +wi)} +

K,
2

This is the equation of a field moving in the direction of decreasing 0 with a speed of
w electrical radians per second implying that the direction of rotation has reversed.

SAQ 4

The synchronous speed is 1500 rpm = %)[ = &IEO
. . 6000
(i) The no. of poles is therefore P = 1500 = 4

(i)  Slips=+0.05
Hence speed of rotor = (1 —s5) N,
=0.95 x 1500 = 1425 rpm
(iii)  Slip s =-0.05
Hence speed of rotor = (1 —5) N, = {1 +0.05)} N,
' =1.05 x 1500 = 1575 rpm
In both (ii) and (iii), the frequency of rotor currents is given by Isl f= 0.05 x 50 =2.5 Hz.
SAQS5

The input power, from the approximate equivalent circuit, is used up as copper loss
in the stator and rotor resistance.

On a per phase basis, input power = % w

Therefore, I3 (R +Ry) =192 (R, + Ryp) = §§_0

Therefore (R;,. + R;,.) = 0.8126 Q.
In Example 8.6t is given that R;,, = 1.2xR;. =1.2% 0.3=0.36Q.
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Zy = T x19° 1.033Q

L

Therefore (X, + Xy) = ( 1.033% — 0.8132) 2-0.638Q
‘Therefore X, = X, = 0319 Q.

SAQ 6 -

Ty T, 0300 j0.850 015a
+ o— = > AMNA——TJ A~
T
lag Tre
127V
v
R 030 j8SQ 0154 0.75Wn
+ o—> = A
? | A Tz
127V
®)
Equivalent Circuits
Figure for Answer to SAQ 6

R
(a)  Atstarts= 1,?2=0.15 =R,

The corresponding equivalent circuit is given in figure (a) above.

3P Vi
Therefore starting torque T, =W R+ R+ (X + X )2 X Ry
1 2 1 2

_ 18 1277 x 015
200m © 045% + 0.85°
- 127 x (045 - j0.85)
L = 2 2
045" + 085

=74.93 Nm

=(61.78-j116.7) A
T,=T,+],
From Example 8.7.7 = 1.15-j9.41

Therefore = 62.93 —j 126.11

Therefore I,= 140.94 A,
Also from Example 8.7 full-load torque = 68.61 Nm and full-load current = 24.18 A.

. . 7493
‘Therefore torque in per unit =861 1.09,
. . 140.94
and current in per unit =2418 ~ 5.83.
(b)  Referred to the stator, let the external resistance to be added be R, Q. It is desired

that s = 1.
0.15 + R)
Therefore 1 = ——\/—:————, from Eq. (8.26)
0.3% + 0.85
ie,(0.15+R,)=0.90140r R, =0.7514 Q.
The corresponding equivalent circuit is given in figure (b) above.

R, calcuiated above is the value referred to the stator. In terms of rotor. values, this
108 becomes
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In Example 8.7, we found that the maximum torque = 192.3 Nm. This now
occurs at the start.

2
N, 2
— | X R,=(0.7)"x0.7514 = 0.368 Q2.

Therefore starting torque in per unit of full load torque = (132222 =3.04
= 127 +j 0
The new rotor current [, = (03 + 0.9014) + jO.85
=7045-j49.84

Adding 7,=1.15-j9.14,1,=71.6 — j 58.98

Therefore I, = V71.62 + 58,982 =92.76 A

. . . 9276

Starting current in per unit = 2418~ 3.84
Addition of this external resistance has thus increased the starting torque from 1.18
per unit to 3.04 per unit while the starting current has reduced from 5.83 per unit to
3.84 per unit. Additionally, the machine accelerates much faster implying quick
decrease of current while speeding up. Further, when no external resistors are used in
the rotor, all the ohmic loss in the rotor circuit manifests as heat generated within the
motor. When external resistances are used, most of the ohmic loss in the rotor circuit
manifests as heat generated outside the motor in the external resistance.

SAQ7
120 x.50

(a)  Synchronous speed N, = 4 = 1500 rpm
_(Ns - N) (1500 _ 1425)
Therefore s;= N, = 500 - 0.05

Sp= (2—5) =195

The equivalent circuit is therefore as given in the Figure (a) below, all impedance
values being in ohms.

200 j26n jon

V=220/0°V

1!

jron u0a jl0n 10260

®)
Figure for Answer to SAQ 7
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(b)

(c)

Frequency of rotor currents induced by forward field = s,/ = 0.05x 50 =2.5Hz.
Frequency of rotor currents induced by backward field = s5.f=1.95 x50 = 97.5 Hz.
On neglecting Z[ = 2 + 2.6, the equivalent circuit simplifies to that given in
Figure (b)

Z: impedance of forward branch = impedance of j 35 in parallel with (40 + j1.0)

_ 35 x (40 + j1) )
=40+ ey - 16.92+ j19.77

Z, = impedance backward branch = impedance of j35 in parallel with (1.026 + j1.0)

L

35 x (1.026 + j1)
~ 1.026 + j36
- Vi i
Therefore I, == l_ - 2%0 +_0
Zf + Zb %«- + Zb
_ 220
T 17.89 + j20.77

Therefore I, =V5242 + 6.082 =803 A

=0.97 + j1.00

=5.24 - j6.08

| j3s _ 35 %803 _,
sz —’40 +]36 x 8.03 m—5 2A

_ 35 __35% 803 o0
Ly _> T +j36’ x 803 = e 7.80

Nett torque, from Eq. (8.32) is

ro(2) (& [izfz_’_zbl
\41'Cf 12 Sf Sp
4

“4m x 50

Tg 5.222 x 40 1089.94
i —_—
Ratio = =

T, 7.802 x 1.026 62422

{5.22% x 40 — 7.80> x 1.026} = 6.54 Nm

=17.46



