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INTRODUCTION 

In Unit 7, you were first introduced to the principles of energy conversion underlying the 
hehaviour of rotating electrical 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 
Atior studying this unit, you should be able to 

give an elementary description of polyphase ac windings, 

explain the principles of operation of three-phase synchrcmous 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 perforniance calculations, 
and 

give a qualitative account of the operation of different kinds of single-phase 
induction motors and the single-phase universal motor. 

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 consideratiolls imposed by operating conditions, the 
construclional features of generators differ in important respects from Ulose intended to be 
used essentially as motors. In this section we will first consider the constructional features 



E l e c t r i d  Machines & and operating characteristics of synchro~ious generators and then pass on to a consideration 
Meaparing Lostrmnenta 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 lo9 W) or more. The rated voltage of an alternator generally increases with its 
power rating, and line voltages of 1 1 kV and 22 kV are fairly common, some altemators 
functioning at 33 kV. 

Unlike in a dc machine, the lieteropolar 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 sub-ject to cenlrifugal 
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 

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 USA), the type of prime-mover used decides the number of 
poles and other constnrctio~ml 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 rninimise 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 polcs, 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, pllysical size 
increases with the power rating). the diameter af 3000 rprn machines rarely exceeds about 
1 m, though the axial kngth 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 rcquired 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 excikr 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 man 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 maintenanbe 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 thee-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 rectifiers are mounted on the main shafl and turn along with the rotor of the 
main alternator. The dc excitation for the excilation altcmator is supplied by a pilot excitcr 
which could be a rectified ac source. 

In order to dissipate the enormous heal 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 thc armature windings are stationary and it is thc dc magnetic field that rotates in 
synchronous machines, the right hand flux cutting rule can still be used to determine the 
induced cmf in armature conductors. In using this rule all that we have to reincmber is that 
the direction of motion must 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 Ule 
conductors. we must take the direction of motion of the conductor for use in thc right hand 
tlux cutting rule to be from right to left. When the heteropolar magnetic tield 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 tlireclion 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 lo move past the conductor. For a 

60 2 P-pole machine, whose speed of rotation is N rpm, this period is given by T = - - 
N P  

second. The induced frequency in each armature conductor, and therefore in the ac armature 
winding as a whole is 

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 e = Blv, and 1 and v arc 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 e in a single conductor varies with time over a period of T seconds. 
Figure 8.1 is thus sirnultancously 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 circumferenlial arc of 
the rotor exlending over two adjacent poles an angle of 2 .n electric(z1 radians in space. Equally, 
it is convenient to designate T seconds as being equal to 2 .n electrical radians in time. 

F u n d a m e n t a l  
component 
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Figure 8.1 : Flux De,nsity 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 
l'ollows we will regard the actual flux density and emf to be identical with the fundamental. 
The emfin 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 a, 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 n radians, the slot pitch y, (slot pitch = 
angle between centre lines of adjacent slots) in an armature having S slots and P poles will 

be y, = [ ]electrical radians. AC windings are very often double-layer windings 
\ 1 

consisling of id~ntical coils, exactly like those used in dc armatures, one cod slde 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 encompassed by a coil is called the coil-span or coil-pitch y,. If 
one coil side is in slot number x and the other in slot number (x + r), then yc = r y,. If y, = TC. 
the coil is said to be full-pitched. If ( y, + E ) = n, E is said to be the angle of chording. Lel 
the induced emf in a conductor have an rms value of E, volts. Then. if a conductor in the 
upper coil side has an enlf represented by the phasor E,,  a conductor in the lower coil side 
of the same coil will have to be represented by a phasor of equal 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 a and 0. In discussing phase angles between emfs induced in 
these conductors, we must use the same reference direction for both, and this is llidicaled as 
being directed upwards. However. in order to determine the induced emf in a turn in terms 
of the emfs in conductors n and b, we have to define the sense in which the emf is to be 
measured around the loop constituting the turn. In the iigure this is taken clockwise from P 
to Q. The loop reference is thus in the same direction as that for the induced emf in 
conduclor a but is opposite to that of conduclor b. In Figure 8.2 (b), R a n d  E,] are the 
phasors corresponding to the upward references for the conductors u and h. Because the 
reference for conductor b is opposite to that for the loop, the total emf round the ltwp will be 
(Ea- G), the emf induced in the turn being that given by E,. Since (y,. + &) = n, it follows 
from the figure that if & lags h by yc, E, leads E ,  by (d2)  and has magnitude I?, given by 

E El = 2 E cos - , 
" 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 n,. turns, the cmf E, induced in the coil is given by 

E E, = (2  n,. Eu) cos - . 
2 

(a) References for single turn (h) Phasor diagram 

Figure 8.2 : Induced EMF in a Single Twn 

cos is often designated the pitch factor or chording factor and is represented by k,. If the 
L 

coil is of full-pitch E = 0, cos d 2  = I and k,, = 1.. Thus, enlf induced in a chorded coil is k, 
times the emf that would be induced in a full-pitched coil having the same number of turns. 

Layout of q-phase Windings 
Using identical coils like the one discussed above, it is always possible to lay out a balanced 
q-phase winding provided the number of slots $ per pole-pair is divisible by q. Figure 8.3 (a) 
represenls one phase of a q = 3 phase winding with $ = 12. Here the slots are numbered 
serially as 1,2, etc.. and the two small circles above each number represent Ule Lop and 
bottom coil sides. Overhang conneclions 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 q = 6, for an armature with s' = 12, 
and using the same coil span. The procedure for laying out a q-phase winding is as follows : 

PHASE I PHASE I1 PHASE I11 
~ 1 2 o o - - . L c - 1 2 o 0  A 1 2 0 ° - - +  

(a) THREE PHASE WIDE SPREAD 

PHASE I I1 111 I V V V I  I 

I-";[ 1 sIp;I"i , I 51  I I 

I I I I I 

1 I I I 1 
s A FA 

(b)  THREE PHASE NARROW SPREAD 
F~gurc 8.3 : Layout of AC windings 

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

s' s' 
(ii) Assign the top layers of the fust ( -- ) slots ,to I, the next (7)  slots to 

phase I1 etc., where s' = number of Slots per pole-pair. (In Figure 8.3 (a)), 

s '=12,q=3andso 
s' ($I= 4. In Figure 8.3 (b), ,f = 12, q = 6 and so - = 2). 
4 

(iii) 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 is in slot 1 is in slot 1 + 4 = 5, for 
the 2nd, it is in 6 etc. Indicate overhang connections to top layer by firm lines 
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 f i s h  as a line leaving the 
bottom layer overhang, also at the front). 

(iv) 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. 

(v) 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 
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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 ni = 

adjacent slots. Since the slot pitch is y , = , it follows that thc 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 y, . Calling these m emfs as E,, E, . .... En, the total emf 

2n: 
will be given by the phasor sum ER shown in Figure 8.4. Since y, = --, we can draw a J' 
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 y, at the centre of the circle. Hence if magnitude 
of a coil emf is E,, and the magnitude of ER is ER , we have, 

Figure 8.4 : EMF of a Distributed Phasq Group 

"I, E, = 2 R sin - and 
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 EIR = tn Ec 



where E'R is the emf that would have obtained if all the coils of the group were concentralcd 

Ys sin m - 
into one pair of slots and k, = the distribution factor = 

2 
"(s m sin - 
2 

EMF of an AC Winding 
Let the number of turns making up one phase of a q-phase winding be N,. Then, number of 
conductors making up one phase = 2 N,. If the emf per conductor bas the rms value El, 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 kp and because of distribution by kd. Thus nett emf pcr phase 

EP = kp kd . (2 N, El). 

wherc k, = kp k, = winding factor and Zi!, 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 arn~ature taking q = 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 q = 6 phase winding 
and re-connecting the 6 phase winding to yield a three phase winding. In this scheme, if 
A, B, Care the three phases, phase A is obtained by connecting phase I to phase IV reversed, 
phase B by connecting phase 111 to phase VI reversed ;uld phase C by connecting phase 
V to phase I1 reversed. The interconnections needed to produce phase A are shown in 
Figure 8.3 (b). Such a three phase winding is referred to 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 winding 
shown in Figure 8.3 (a): (b) the winding shown in Figure 8.3 (b). 

Solution 

180". (a) Slot pitch y, = - = 30" 
6 

Coil span y, = rl, = 4 x 30" = 120" 

Chording angle E = ( 1  80" - 120") = 60' 

Therefore pitch factor kp = cos E/2 = cos 30" = 0.866. 

No. of slots over which a phase group is distributed, r~z = 4. 

sin (rlt "(,/2) sin 60" 
Therefore distribution factor kd = - - 

m sin ys/2 4 sin 15" 

= 0.837 

The winding factor k, = kp kd = 0.7245 

(b) Pitch factor is the same as in (a) 

Here a coil group has m = 2 

sin 30" - - 0.5 
Therefore distribution factor kd = 

2 sin 15" 2 x 0.2588 

Therefore winding factor k,,, = k& = 0.866 x 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 1, generates emfs in armature conductors at a frequency 

I PN - - 
f = - Hz. Balanced threiphase voltages En, E, and are established in the stator phases 

1 20 

machines (alternators and 
motors) we follow the 
convention of indicating the 
armature resisiance as Rs and 
not Rn as we did in the case of 

A, B and C, their magnitudes being determined by the current I f .  In fact, the magnetisation 
characteristic or open-circuit characteristic relating the magnitude of a phase voltage to If 
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 
tenninal voltages of the phases no longer remain the same as on open-circuit even when the 
speed and If are kept unchanged. This is because the armature currents in the phases produce 
1R drops in the phase resistances and also, being alternating currents at a frequencyf, 
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.c. In phase A for example, we have the open-circuit emf Fa induced by the field current I,, 
the ac resistance drop 7, R, and the reactance drop j la 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 a5d can be represented for any one phase, say phase A, by the equivalent 
circuit shown in Figure 8.5. In this figure it is assumed thatthe 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 E,, Va and the current 7, are all phasors at 
frequency f. 

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

Alternator Supplying 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 K. 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 NL 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 

Figure 8.6 : Equivateut Circuit for Isolated Load 



From the figures it may be noticed that the induced emf Ea is larger than the terminal 
voltage for lagging p.f. while it can be less than v, for leading p.f. One important point to 
note while considering an alternator supplying an isolated load is that both the frequency 
and the terminal voltage will be affected by changes in the prime-mover speed and the field 
excitation. 

I 

I 

I 

- 
Va 

t o )  LAGGING P.F LOAD Ib )  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 alternators 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, providedva 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 ofTa when the current is of leading 
power factor the induced emf 3, is small and that for a lagging power factor, it becomes 
large. So we can conclude that as we increase the field current of an alternator, thereby 
increasing the excitation emf Fa, 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 the 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 leads va by an angle 6. This angle is called 
the power angle or torque angle . If Rs is neglected in comparison to Xs 

If E? is taken as the reference phasor, = Ea + j 0, ,,' 

Va = { V, cos 6 - j V, sin 6 } , since V, lags 6 by 6. Therefore 

= - j  ( E, - Va cos 6) Va sin 6 + 
xs xs 
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Therefore the generated electrical power per phase P, equals power associated with Ea i.e., 

If the developed counter torque is Te Nm since the rotor moves at a speed of radians 
60 

per second, 

2nNTe - EaVasin6 -- , (taking all three phases into account) 
60 xs 

The developed torque has a value of zero for 6 = 0 and increases with increasing 6 to a 
maximum value for 6 = n h  and decreases thereafter. 

In the steady state, the rotor will be Nnning 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 6 < nh, 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 f / 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 flnal steady state speed. 

Synchronisation 
In a power system containing several interconnected synchronous machines, the currents, 
voltages and emfsqe 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. @%en 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 altemator, 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 synchmnovs machine to a system containing one or more 
synchronous machines is termed synchronlsation . 
Let it be required to connect a synchronous machine with dn A phase induced emf Ea to a 
system whose corresponding phase voltage is va. Then from Figure 8.5, the armature 
current 

For minimum disturbance, la at the time of connection should be zero. Since va is the 
system voltage, it is only Ea we can adjust, and for l a  = 0 the requirement is that Ea = 7, 
Similar expressions should hold for the B and C phases so that we also require Eb = vb, - 
E,= vc Since all these voltages are phasors at the same frequency, the awve condition 
implies 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 Ea must be equal to the magnitude of v, 
(3) The frequency and phase of Ea must be she same as that of va. 



Atler ensuring (I), the speed is adjusted till it corresponds to the synchronous speed and the A.C. M d i a e s  

field currcnt is adjusted so that (2) the emf magnitude is the correct value. The alternator can 
then k switched on to the system provided (3) the phase of Efl is the same as that of vfl. In 
practice, this is enwed by using an instnrment called a synchroscope which continually 
indicates the phase angle between the two voltages. If the frequency of the alternator is very 
slightly different fron~ hat of v,, it is as  though the phase of is continually changing with 
respect to Fa. Tlle synchroscope pointer will then continuously, but very slowly (depending 
on Ule frequency difference), rotate2ound its shaft and lhe alternator can be switched on 
when the synchroscope pointer passes through its zero position. In modem practice, such 
synchro~using is achieved automatically. 

Example 8.2 

A three-phase, star ~ 0 ~ e c t e d  alternator is rated for 5000 kVA, 5 kV, 50 Hz, 150 
rpm. It has negligible armature resistance and a synchronous reactance X, = 1.5 Q. 
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 

5p - 2887 V Phase voltage V, = - - 

Full-load current I ,  5000 577.4 A =ZT-z= 
jia xs I&= 5 7 7 . 4 ~  1.5 =866V; 

0 Phase angle t$ for cos t$ of 0.8 = 36.87" 

(a) Unity p.f. l a ~ d  

(h) 0.8 p.f. lae load 

(c) 0.8 p.T. lead load 

sin $ = 0.6 

Figure 8.8 : FM Example 8.2 

(a) Refer to Figure 8.8 (a). Setting I s s  = 0 and 4 = 0". we find that j i a s  is at right 
angles to Va. 
Therefore. E, = d28872 + 8662 = 3014 V; 

866 .h tan 6 -- = 0.3000 and 6 = 16.7" 
-2877 

(b) Referring to Figure 8.8 (b), with I s s  = 0 and t$ = 36.87", it is easily verified 
Lhat the component of E, in phase with va is given by (V, + las sin $) 
= (2887 + 866 x 0.6) = 3406.6 V. 

The component of Ea at right angles to va = laxs cost$ = 866 x 0.8 = 692.8 V. 

Therefore. Ea = 43406.6~ + 692.82 = 3476.3 V 

tan6=-- 692'8 - 0.2034. therefore 6 = 1 1 5 "  
3406.6 

(c) Refer to Figure 8.8(c), with I s e y  = 0, cos $ = 0.8 and sin $ = 0.6. It is easily 
verified that the component of Ea in phase with Va is now given by 



(V, - IJ.v sin @= (2887 - 866 x 0.6) = 2367.4 V. The cornponcnt of E, at 
right rrnglcs to V, = IJs cos 4 = 692.8 V. 

Thereiim. E, = 62367.42 + 6 ~ 2 . 8 ~  = 2466.7 V 

Therefore S = 16.31' 

SAQ I 
The machir~e of Examplc 8.2 is synchronised to ;L 5 kV, 50 Hz, 3 phasc system. What 
is the torque angle, generator p.f. and kVA if thc alternator supplies 4000 kW? 
Assun~e that the cxcitation voltage between lines is maintained at 5 kV. 

-- 

8.3 SYNCHRONOUS MOTORS 

Syiichronous machines, including the alternators cliscussecl earlier in this section, crui 
function as either generators or motors. As in the case of alternators. there is a fixed 
relationship between supply frequency u), sped ( N )  and numbcr of poles ( P )  in a 
synchronous motor. A synchronus motor c;ui run, in steady statc. only at one specd viz 
N, = 120 flP rpm which is called the synchronous speed. 

Synchronous machines nleruit specifically for use as prime-movers in heavy industries. 
usually have power capacities ranging between 1 0 0  kW and 15 MW, with speeds fro111 150 
rpm to 1500 rpm at 50 Hz and are normally of salient pole construcliou. In electric powcr 
supply systems, synchronous motors are often operated at no load so as to provide leading 
current in order to effect power factor improvement. Such special purpose motors arc 
usually in the range of hundreds of kVA to a few tens of MVA, the operation being close to 
zero power factor. In col?junction with variable very low frequcncy electronic circuits, 
synchronous motors (upto 10 MW) of very low speed and consequelit enormous s i x ,  drive 
ball-mills of cement plants, crushers and rolary kilns. At the other end of the spctruni, tiny 
synchronous motors are employed in electronic limcrs 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 pl~ysical phenomena involved arc identical in both 
alternators and motors, the synchro~~ous motor can also be nlodelled in terms of its 
synchronous reactance. The niodel of a synchronous motor on an infinite bus, on a per 
phase basis, is given in Figure 8.9. This figure differs from thal shown in Figure 8.5 in thal 
the reference direction shown for the armature current < is reversed. (In a generator we 

would like to say that V, I, cos I$ is the per phase power geiierated by the alternator and 
supplied to tlie infinite bus whereas in a motor, we would like the same expression 
V, I ,  cos 4 to represent the power absorbed by the motor and reccived Proni the infinite bus. 
It is for this reason that the rel'erence direction of current flows out of the positive terminal 
of < in the generator, and in the oppositc direction for the motor). 

Figure 8.9 : Synchronous Motor on lnfi~lite Bus 



I 
If  wc assume that the current supplied to the motor has lagging p.f., the phasor diagrar~l 
would be as shown in Figure 8.10 (a). Figure 8.10 (b) is the phasor diagram for leading p.f., 
the figures corresponding to the phasor equation 

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

Figure 8.10 : Pharor Diagrams for Synchro~ious Motor 

(This equation may be compared with Eq. (8.5) for an alternator). Again, as in the phasor 
diagr;lm for Lhe alternator, the anglc between Va and Ea is designated by 6 and referred to as 
Ihe power angle or torque angle. As seen from the figures, in a synchronous motor, lags - 
V, by Bt: torque angle 6, whereas in a generator Ea leads v, by 6. Proceeding as for 
alternators. we can readily show that h e  expressions for the electrical power P ,  absorbed by - 
E,, and Lhe developed driving torque T, have the same form as for alternators being given by 

and 

T , = 3  / - 60 \ sin 6 Nm 
\ 2 n N )  X ,  

If the mechanical shaft torque on a synchronous motor is suddenly increased, since If(and 
En) cannot change instantaneously, the driving torque developed by the molor also cannot 
change instantaneously. So, a nett braking torque manifests, slowing down the motor. 
Because of this reduction in speed, the angle of lag between Ea and nd, increases, increasing 
the torque anglc 6 and consequently increasing the developed driving torque. After a 
transienl 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 
shaft 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 currents flow in lhe armature of a 
synchronous machine whcn E, is large and lagging currents flow when E, is small. Thus, in 
contrast to what happens in an alternator, increasing E, or over excitation by increasing I f ,  
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 rpln star connected synchronous motor 
has a synchronous reactance of 1.5 L? and negligible armature resistance. Find the 
induced emf and torque angle 6 when the motor is drawing fuIl load armature current 
on rated voltage at (a) unity p.f. (b) 0.8 p.f. lag; (c) 0.8 p.C. lead. 



8.3.2 Synchronous Condenser 
Measuriog Instnuneats 

In iiuae Dower systems, because of induction motor loads etc., the current in transmission 
u - 

lines is usually of a lagging power factor. The same transmitted power at a give11 su ply 4' 
voltage takes a larger line current at lower power factors. So, in order to rninihise 1 R losses 
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 fron~ your study of Sections 
3.6.3 & 4.4.4. The ability of an over-excited synchronous inotor to draw leading current, 
even when supplying mechanical power at its shaft, therefore enables a transinission 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 powcr systems in Illis 
manner behave like enormous high voltage and high current capacitrxs and are referred to as 
synchronous condensers . 
The cxample which follows is illusuative of calculations using the phasor diagrams, and of 
applications for power factor improvement. 

Example 8.3 

A three-phme 5 kV, 50 Hz star connected power system is supplying a factory with 
10.000 kVA at 0.8 pi. lag. (a) What leading current is required per phase if the p.f. is 
to be brought up to unity ? (b) If the synchronous molor of SAQ 2 is lo be used to 
achieve this on no-load, what should be ib induced emf E, ? (Assume that the 
no-load losses are zero.) (c) What is the resultiilg total line current ? 

Solution 

5000 
Phase voltage = - = 2887 V 6 

Full load current drawn by the factory = 
10,000 x 1000 
6 x 5000 

(a) Since the p.f. is 0.8 lag, cos 4 = 0.8, sin Q = 0.6. 

Active in-phase component of - load current = 11 54.7 x 0.8 

Component of current lagging the tenninal voltage by 90" = 1154.7 x 0.6 
= 692.8 A 

If the p.f. is to be made equal to unity, we [nust add a leading current. leading 
by 90°, equal to 692.8 A. 

(b) The synchronous condenser is therefore required to su&ly-a current of 
692.8 A leading va by 90". For a motor with R, = 0, Eu = V,  - jl& . For us, 
1, = j692.8 A, and X, = 1.5 Q. Taking va as reference, va = 2887 + jO. 

Therefore Ea = 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 11as 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 syncluo~lous speed. 
When supply is given to such a motor at sland 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 syncluonous motor is to bring it up to speed as an altemator, 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 altcnlator with the induced 
emf leading the terminal voltage by the Lorque angle and will supply electrical power to the 
supply. On the olher hand, if a load torque is applied to the shaft opposing Ule rotation, the 



machine %'ill 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 currcnts flow in the 
cage, and the machine runs up to nearly synchronous speed as an induction motor. During 
this starting pericxl, 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 nlotors and squirrel-cagc 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 enviroilments 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 accelerating 
high inertia loads, the slip-ring induction motor is preferred. 

Induction nlotors 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 nuinber 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 bc star- or delta-connected, m d  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 8.1 1. 

STATOR 
-\ 1 

SLIP  VARIABLE 
I RINGS I RESISTORS 

I A 
I - 
I 
I 

Figure 8.1 1 : Wound Rotor Motor with Rotor Resistors. 



Electsicd Machines & Squirrel-cage induction motors employ an entirely different type of winding on the rotor. 
Melpsuringlnstmmeots 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-pmsefa~d q-phase) ac windings have already been 
introduced in Section 8.2.2 and should be reviewed at this stage. Iiithe synchronous 
machine rotor, dc excitation produces a P-pole field which 4s 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 PI2 coils.) 
Assuming that a current i flows through these coils in series, the current direction being as 

shown by @ a n d o  in the figures, a magnetic field will be set up, the directions of the 
flux lines being as indicated in the figures. 

(a) Tw+pole Machine (b) Four-pole Machine 

Be t 

(c) TwoPole B e Distriburioo (d) Pour-Pole B e Distrihnioo 

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 i 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 I f i  
in the iron is very small compared to thc magnetising force Ha in the air-gap. On neglecting 



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

A.C. Machines 

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

where po = 4n x 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 Lo stator across the air-gap has been taken as 
positive. Therefore, in a P-pole machine having PI2 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 ~ 0 ~ e c t e d  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. 

I 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 0 from the axis of the phase and setting 

B,,, = Ki the fundamental flux density Be at an angle 0 from the axis may be written as 

Be = Ki cos 0 (8.14) 

In a three-phase machine, phases A, B and C carry different currents i,, i,, ic and the axis of 
the phases are also displaced from each. other in space by 2 n 13 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 Be(,, = Ki, cos 0. The peak value of the flux 
density produced by i, occurs along the axis of phase B which is displaced by 2~ 13 electrical 
radians. If the axis of phase B is assumed to be ahead of that of phase A, in the direction of 
increasing 0, Be,, = Ki, cos (0 - 2 R I3 ). Similarly, the current ic (axis of phase C ahead of 
phase B axis by 2 R 13 electrical radians) will produce the flux density distribution 



Electrid Machines & 
Memuring Ia9trument.s Be(,) = Ki, cos 8--  = Ki, cos 8+-- ( 4") [ 2") 

Therefore, the resultant flux density distribution B,(,) due to all three phases acting together 
is I 

When balanced currents df ftequency f HZ, flow through thestator winding, i, = I,,, cos wt, 
ib = I, cos (wt - 2 ~ 1 3 )  and i, = I, cos (wt + 2 d3) ,  assuming a phase sequence A, B, C, 
and, w = 2 R f. Substituting in Eq. (8.15). 

Using the trigonometric identity cos A cos B = 112 { cos(A- B)+ cos (A + B)) 

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

3 K I ,  
Be(n) = 2 cos (8 - wt) 

where BM 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 t = 0 for example, the maximum value of Be 
occurs at 8 = 0. However, at a later time t i t  occurs when (8 - wt) = 0, i.e., at the position 
8 = wt electrical radians measured from the axis of phase A. Thus, in time t, 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 /t) = 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 2.n radians correspond to one 
pole-pair, in every second the wave moves through f pole-pairs. There are PI2 pole-pairs 
over the stator circumference, and hence the field moves over ( 2 m )  circumferences in one 
second, implying that the speed in revolutions per second is 2fl. Hence, the speed of the 
revolving magnetic field, referred to as the "synchronous speed" is given by 

In Eq. (8.16) the direction of motion of the revolving magnetic field is that of increasing 8 , 
namely from phase A to B to 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 

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 Cis  
decreasing and passing through the value 0. 



Solution 
A.C. Machines 

(i) The resultant revolving magnetic field 1 is given by Eq. (8.16). 

In deriving this it was assumed that thc current in phase A is i, = I,,, cos wt. 
This currenthas its maximum positive value when wt = 0. Substituting this 
value we find that BqR) = BM cos 0 and has its maximum positive value when 
0 = 0, i.e., along the axls of phase A itself. 

(ii) ib  = I,,, COS (wt -27~13) and so ib has its rnaxirnum positive valuc when 
wt = 2x13. Substituting this value we find that =RIM cos ( 0 - 2x13). 
Hence, the posltive peak value of the revolving magnetic field is now at 
0 = 2d3.  i.e., along the axis of phase B. 

(iii) i, = I ,  cos (wt + 2nl3). This will be decreasing and passing through its zero 
value when (wt + 2x13) = x12, i.e., when wt = (xi2 - 2~13)  = 4 6 .  Hence Be(R 1 
is given by BM cos (0 + ~ 1 6 ) .  The positive peak value of the resultant magnetic 
field is therefore at 0 = - nl6, i.e., one-sixth ple-pitch before the axis of phase A. 

SAQ 3 
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 set up by stator currents, on cutting the rotor, induces ernfs 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 Nr is positive when it is in the same direction as that of 
the revolving magnetic field set up by stator currcnts. Then, for any speed Nr * 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 

I fractional slip (often simply referred to as slip) and is designated by the letters. Thus 

s = slip = (Nj - Nr 
NJ 

At subsynchronous speeds, i.e. whenever N,  <N, , s is positive a id  for supersynchronous 
speed, Nr > N, , s is negative. 

Whenever s + 0, the rotor conductors are being cut by the revolving field at slip speed ,FN, 
Consequently, by the flux-cutting rule, emf will be Induced in the rotor conductors, and, as 
the rotor windings are short-circuited, currents will flow in the rotor. Now, since current 
carrylng conduclors 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, c N, , the electromagnetic 
torque will act in such a direc'tion 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 emt's 
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 



Eketrid Machines & motoring electromagnetic torque acting in the direction of the stator revolving field must be 
~ e ~ s o r i n g  lastrrrmcds 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, sincc 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 whosc rotor is at rest, 
s = 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 reached at which the nett lorquc 
on the rotor becomes zero. If the external shaft torque is itself zero, corresponding to no- 
load operation, ideally the rolor will speed up till N,= 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 rolor at slip speed s N, Since this field has P-poles, it 
must induce emfs and cutrents having a frequency 

' (' Ns ) - Ps l?X = sf, the slip frequency. 
120 -i%[ P )  

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)lP = sN, 
However, since the rotor conduclors are themselves moving at a speed N ,  = ( 1  - s)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 rprn 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 
h e  stator field with reference to rotor, (d) frequency of rotor currents, (e) speed of 
rotor field with reference lo rotor conductors, (0 speed of rotor field with reference to 
stator conduclors? 

Solution 

The synchronous speed N, = m!f - - @!B= im P 8 

Therefore slip = N., - Nr 750 - 720 - - - 
750 

- ;g, -0.04 
Ns 

(b) This speed is N,, viz., 750 rprn 

(c) This is the slip speed sN, = 0.04 x 750 = 30 rprn 

(d) Frequency of rotor currents is sf= 0.04 x 50 = 2 Hz. 

(e) This speed correspoilds to the synchronous speed for slip frequency currents, viz., 

(0 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 rprn at no-load. Deter.mine 

I (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 frequencyf, due to stator and rotor 
leakagejl~xe~s. 

F~gure 8.14 : Equ~valent C ~ r c u ~ t  w~th Statlonary Rotor 

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

I 

The rotor reacts on the stator through the magnetic field set up by rotor currents. We have 
I 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. 

t 
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 einf will be sE2 , the 
frequency being s$ If X2 , is the rotor leakage reactance at frequency f ,  reactance at slip 
frequency sf will be sX2 . The actual rotor current per phase will be related to the rotor emf 
by the phasor equation (all phasors at frequency s n ,  

On dividing both sides by s. we get 

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

I 
R2 the same number of turns, a leakage reactance X2, but a resistance which is changed to - 

S 

The equation relating the rotor current to induced emf will then be identical to Eq. (8.19), all 
phasors being now at a frequencyf. The currents in this equivalent rotor will set up a 
revolving magnetic field which, as seen from the stator, 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. 

- L I - 
Figure 8.15 : Equivalev Circuit at Slip s 

A.C. Machines 



Electrical Machines 8~ The parameters of the equivalent circuit can be estirnatcd by measuring the dc resistance of 
Measuring Insdments a stator phase, 'and by perfornling the no-load and blocked-rotor tcsts. If the stalor is 

star-connected and we measure the dc resistance between any two hnc terlninals, we would 
get 2R,,,, where Rldc is the dc resistance of one phase. When alternating currents at 
frequency f flow through lhe stator, because the lower parts of conductors in slots have a 
higher inductance and flux linkage, thc current density across the conductor becomes 
non-uniform, lnore current flowing in lhe top parts of the conductors. Effectively the ac 
resistance is then higher, by some elnpirical factor, than the dc value. Thus R,,, = midl 
where a is an empirical constant greater th'm unity. In thc no-load 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 lhe rotor current is negligible. the equivalent circuit has the 
form shown in Figure 8.16. 

Figure 8.16 : Equivalent C'ircu~t under Nc-load. 

In the no-load test, the supply voltage V,,, the input stator current I ,  'and the input power per 
phase P, are measured. If XI can be estimated, knowing the value of R,, ,  , R@ and X, can be 
calculated. Since the no-load test is performed w ~ l h  the rotor running close to synchrc~nous 
speed, the input power must also supply thc mechan~cal power lost in ovcrconling windage 
and tiiction. 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 blocketi or prevented from moving. Under Ulese 
circumstances. the slip s = 1. Also, only a low supply voltage V,, 1s 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 some 15 to 20% of the rated voltage . The voltage 
appearing across the shunt branch of the e q ~ l ~ i l l e ~ l t  circuit in Figure 8.15 is even less, being 
of the order of 50% of V,, . As a consequence, the exciting current I@ b e c o ~ ~ ~ e s  quite 
negligible in this test and hence the shunt branch can be replaced by an open-circuit and 
removed. The equivalent circuit corresponding to the rotor blocked test 1s then as given in 
Figure 8.17. 

Ria c j XI  

1~1gun: 8.17 .Equ~va l en t   cult w ~ t h  Blocked Rotor 1 
Under actual operating conditions, the full-load slip is usu;~lly less than 0.05. 4 s  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 tieclucncy f(50 Hz), a supply at a reduced frequency f, 
(- 15 Hz)is used. Parameters obtained from a rotor blocked test at supply frequency /; can 
be used for calculations at starting conditions of the motor, when the rotor frequency is also 
nearf. For calculations under normal load conditions, parameters obtained from a blccked 
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 eyuvalent circuit. 
X, and X ,  are taken to be tlle reactance values coresponding to the supply frequency$ 
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Figure 8.18 : Equivalent Circuit for Rotor blocked test at Reduced Frequencyfi 

By measuring V,,, I,, and the input power per phase P,,  knowing R, and R,, (XI + X,) can 
be determined. If we know the ratio (X,/X,) from design considerations or otherwise, XI 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 R. In the no-load test, V, = 230 V (between lines), I.  = 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-ioad. (Assume that ac stator resistance = 1.2 dc resistance and 
that XI = X,). 

Solution 

Rotor Blocked Test 

Refer to Figure 8.17. 

680 
PBl =I il (R, + R,) implies - = 20' (R, + R,) 

3 

Therefore (R, + R,) = = 0.567 R. 
3 x 400 

These resistance values being at 15 Hz may be considered as giving d.c. values. 

Therefore, RZdc = (0.567 - 0.3) = 0.267 R 

Also [?)I= 1, ' = (R1 + R,)' + - (XI + x2)' [: 

Solving, (XI + X2) = 0.658 R 

Therefore X, = X, = 0.329 R. 

No load test 
Here R,, = 1.2 x 0.3 = 0.36 R ; X, = 0.329 R 

Po Also p.f. of circuit (Refer Figure 8.16) = - = 400 
V d o  6 x 2 3 0 ~ 6  

i.e., cos $, = - 400 - - 0.1 674 or $, = 80.36' 
2390 

Therefore sin $, = 0.9859 

So, if we take the supply voltage per phase as the reference 

lo = 6 (cos $, - j sin $,) = 1.00 - j5.915 



Electrid Machi- & Therefore, voltage drop across the shunt combination 
Measuring btrumenb - 

= V, - (R, + jX,) lo = 132.8 - (0.36 + j 0.329) (1 - j5.915) 

= 130.5 + j1 .SO = v4 (say) 

v; - 
- 

130.5~ + 1.80' = 141 .5 
Therefore, R$ = 

(p ,  - 1 2 , ~ ~ )  (400/3) - 12.96 

6 
Current through R, = - = 0.9223 + j 6.0127 

R@ 
Therefore current through X, = i,, - (0.9223 + j0.0127) 

= 0.078 - j 5.93 

Magnitude of current through X ,  = d0.0782 + 5.932 = 5.93 A 

V Therefore X -3 =: 
4130.8 + 1.80~ = 22 

@ -5.93 5.93 

To summarise: R,, = 0.36 Q, R,, = 0.267 a, X, = X2 = 0.329 C! 

R+ = 141.5Q ;X,= 22LZ. 

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 - - V, IBl = 19 A, the total input power being 880 W. -sr 
Find the corresponding values of R,, XI and X2. 

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 

If the load torque on the shaft is T Nm, the output mechanical power P,,, = orT 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 

The stator and rotor copper losses per phase are respectively equal to 1: R, and 1; R2, 
( r 7 2  \ 

whereas the (mechanical losses + iron losses) are equal to 3 . Therefore, deducting 1 %  J 
these losses from the input power per phase, the output mechanical power per phase must be 

? 

given by [ 1; - 1; R2) = 1; R2[ ) 
The mechanical output from all three phases is, therefore, 



4n Now, if os = synchronous speed in radianslsec = N, = A, then or = (1 - s) os 
60 P 

A.C. Machines 

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 Rg and Xg have been shifted to the supply terminals 
and the resistance Rds has been written as equal to (R, + (1 - s) RJs} and is shown as two 
resistances in series to the right of the dotted line AB. The power loss in R2(1 - s)/s then 
corresponds to the mechanical power output per phase. 

I - * I 
I 

/ 

Figure 8.19 : Approximate Equivalent Circ~ut 
I B 

From the equivalent circuit, 

2 - v T 
I2 - (R, + R2/s) '+ (X, + x212 

Hence, substituting in Eq. (8.23), the torque in newton-melres is given by 

From Eq. (8.23), maximum value of the torque occurs when 1; is a maximum i.e., 
when the power transferred to the right of the line AB in Figure By the 
maximum power transfer theorem, this happens when 

- -  R 2  - d ~ ;  + (x, +x , ) '  
Smax 

Thus, the slips,, at which the maximum torque occurs is given by 

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

- 3P 
Tmax - - vT 

4nf  2 { R ,  + 4 ~ ;  + (X, + x,)' ] 

From Eqs. (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,. 



mcetrifsl ~pehiocs& For good efficiency, the losses in the induction motor should be kept small. In practice, this 
~cpsuring ~ r ~ t ~ e a t r  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, qna, 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. 

F~gure 8.20 : Torque-SpeedfSlip curves for wound-rotor Induction Motor 

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

Curve I could b l  the torque-slip curve of a wound rotor induction motor (Figure 8.1 1) 
short-circuited at the slip-rings. If more resistance is included externally into the rotor 
circuit, R, increases and hence the maximuin value of torque will occur at an increased slip 
as shown by curve II. In both cases, the intercept on the torque axis at Nr = 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 111. If such external 
resistance is kept continually in circuit, the slip at full-load will also be quite large and, 
since for the same I, ,  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 220 V, 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 : 

R1 =0.30Q,R2=0.15Q,X1=0.60Q,X2=0.25Q 

R4=110.0QandX+ = 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 ? 

Solution 

F~gure 8.22 : For Example 8.7 

(a) Refer to Figure 8.22 

Voltage per phase = - y - 1 2 7 ~ ;  - 

Angular speed of rotor for a slips of 0.025 is w, = (1-5) % 
P 

Taking thestator supply voltage as reference 
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Therefore = 12 + &, = 20.95 - j12.08 = 24.18 L 4, 

where cos $ = - z:;; - - 0.866 

From Eq. (8.23), 

T = (&)x 3 Iz2 (R21s) 

Output power = 3 1: R, = 3 x 399.17 x 6 x 0.975 
S 

= 7005 W 

Input power = 3 x 127 x 20.95 = 7982 W 

:iiz - 0.88 Therefore efficiency = - - 

(b) From Eq. (8.26) 

SAQ 6 
(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. 



8.5 SINGLE-PHASE MOTORS 
A.C. Machines 

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, case of maintenance and robustness, the single-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 andlor 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 molor 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 
motor. 

8.5.1 Cage Rotor with Single Phase Stator 
In Section 8.4 we saw that a stator phase carrying current i = I, cos wt will, acting by 

r itself, set up a pulsating flux density distribution in the air-gap given by 
B, = Bm cos 0 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 

Bm Be = - I cos(C3 - wl) + cos (0 + wt) } 
2 

(8.28) 

A single-phase ac winding, therefore, acting by itself, resulls 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-ciicuiled secondary, and is shown at Figure 8.23 (a). (In i this figure R., the component accounting for iron losses and mechanical losses in the. 

k equivalent circuit used for three phase induction motors, has been omitted.) 

When the rotor is in motion, this simple model cf 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 thefirward 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  - sf) N,, where sf is 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 - sf) I N ,  
Sb = = (2 - sf) 

Ns 

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 

I be as given in Figure 8.23(b) 



(a) At standstill 

Figure. 8.23 : Equivalent Circuit of Single-phase Induction Motor 

Since the slip of the rotor is sf with respect to the forward field, rotor currents induced by the 
forward field have the frequency (sf f l .  The frequency of currents induced by the backward 
field is, similarly, (sbfl = (2  - sf)f. These two frequencies are equal only when sf = s, = 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 IZf and I,, in Figure 8.23(b). 

As for the three phase induction mechanical power per phase associated 

with the forward field is given s f )  watts. If the supply frequency is f and 

the number of poles P. the rotor speed N, is (1 - s f )  rpm = (1 - sl) *radians 
P 

per second. The torque in the forward direction is 

Similarly, the torque associated witht the backward field is 

Since Tb acts in the opposite direction to q, the nett electromagnetic torque developed by the 
single-phase induction motor is 

At standstill sf = s, = 1, and it is clear from the equivalent circuit that ly = I,,. 'lbe 
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 : Torquespeed curve of Single-phase Induction Motor 

For comparison, the torque-speed curves of a three phase induction motor of comparable 
full-loab 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, 

b 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 

r main disadvantage is that it develops zero torque when the rotor is stationary and is, 
therefore, not self-starting. 

SAQ 7- 
A 220 V, 50 Hz, 4-pole single-phase induction motor has the following equivalent 
circuit parameters at standstill: 

t R1 = 2.0 a ,  R2 = 4.0 i2 
1 X1=2.6Q, X2=2.0sZandX+=70Q 

I (a) Draw the equivalent circuit f p e  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 developed by the motor. (For simplicity, neglect the stator 
, resistance and leakage reactance). What is the ratio of the forward torque to 

the backward torque? 

[ 85.2 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 wIndiigs of unequal turns, separated in space by an electrical angle a. 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 1, = I, cos (wt - P). The overall 
flux density distribution in the air-gap due to these two curients alone may then be written 

t 
I If there is no spatial separation between the axes of the two windings, a = 0 and 



Electrical Machines & 
Measuring btruments If a # 0, but p = 0, i.e. if there is no time phase difference between the currents in the two 

windings which are seperated in space, 

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 cr nor p is equal to zero, i.e.. 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 phase difference, 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 
beenextensively 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 

MAIN L w p y  WlN,ING 

SHADING 

0 0 0- 
0 CAGE ROTOR 0 

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 6 
through the shading ring then constitutes the mutual flux which induces 6 in the primary 
and E2 in the secondary. If the shading ring has a resistance Rs and a leakage reactance Xs , a 
lagging current ?, will flow in the shading ring as shown in the figure. The primary current 
1, (which is the main winding current ?,,,) combines with the shading ring current I ,  to yield 
the exciting current 7, needed to set up the mutual flux 6 .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 I,,, . 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 y . 
Hence this construction results in a starting torque. Since ?& leads 6 in time, <p, 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. 
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F~gure 8.26 : Phaor L)lngram for Shaded-pole-Motor 

I The permanent split-phase motor shown in Figure 8.27 has better starting torque than the 

1 shaded pole motor. The auxiliary winding, which is wound in space quadrature to the main 
winding, is uscd only for starting purposes and has comparatively high resistance. Because 

I' of Ihe difference in the magnitude and nature (proportion of R to X) of the impedances ot 
I Ihe 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% "011 speed, the centril ugal 
a switch Sopens, 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 

+ 0 v 

t - MAIN 
WINDING 

i 

1 I 

Figure 8.27 : I'ermru~ent Split-phnsr Motor 

The starting torque and rotary effect can be greatly enhanced if the auxiliary winding is 
~ n d e  to take leading current as compared to the main winding. In capacitor start 
induction motors, this is done by inlroducing a capacitor in series with Ihe auxiliary 
winding, a centrifugal switch being used to disconnect the winding when the machine has 
reached ahout 75% rated speed. A simpler arrangement would be lo eliminate Ihe 
centril'ugal switch altogether, and leave the auxiliary winding with series capacitor 
permanently in circuit. Such an arrangement can reduce torque- pulsations, and improve 
power factor 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 motom, though they are self-starting, cannot provide as much starting torque 
as the capacitor start motors. Such motors are commoi~ly used for ceiling fans among other 
applications. A third scheme, which is more expensive, uses an additional capacitance, in 
parallel wilh the capacitor meant for running conditions to provide good starting torque. 
This capacitance is disconnected from the supply by a centrifugal switch on reaching about 
70% synchronous speed. Such motors are referred to as capacitor-start and run-motors. 

- 

The circuit diagrams of Ihese capacitor motors are shown in Figures 8.28 (a), (b) and (c). 
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(a) Capacitor Start 

AUXlL l ARY 
WINDING 

(b) Capacitor Run 
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(c) Capac~tor Start and Run 

Figure 8.28 : Cage Motors using Capacitors 

8.5.3 The Universal Motor 
If the supply to a dc series inotor 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 result in 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 



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 addipon 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 steel. Further, whereas on 
dc there is only a resistance (IR) voltage drop across the field winding, on acthere is an 
additional reactance (IX) voltage drop. If the voltage appearing across the armNure is not to 
be too greatly reduced by the voltage drop across the series field winding, the inductive 

t reactance drop must be kept within limits by employing comparatively fewer winding turns 
I 

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 S the range from 
1500 rprn 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 

F in portable tools like electrical drills, vacuum cleaners and kitchen appliances such as mixer 
grinders. 

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,(t). Since the armature also carries the same current, the 
instantaneous torque will be proportional to ii(t) and so let it be Kii (t). 

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

= #I:, where I, is clekly t h e w  (root mean square) or effective value of i, (r). 

8.6 SUMMARY 

A.C. Machines 

In Section 8.2, after a brief consideration of the constructional features of salient-pole and 
cylindrical rotor alternators, you learnt lpow 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 
motor 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. 
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SAQ 1 

5000 Phase voltage of power system V ,  = - - 2887 V. This is also the magnilude of fi - 
the generated emf per phase. If we take Fa as the reference phasor, = 2887 + jO 

So, if i?, leads V, by 6, E, = 2887 cos 6 + j2887 sin 6 
- - 

- Ed - va 
I, = - - (2887 cos 6 - 2887) + j2887 sin 6 

j 1.5 

= 1924.7 sin 6 + j(1 - cos 6 ) x 1924.7 

Therefore power supplied by phase A. 

= 2887 x 1924.7 sin 6 W = 5556.5 sin 6 kW 

--- - 4000 - 1333.3 kW 
3 

1333.3 
Therefore sin 6 = - - 

5556.5 - 0.2400 
C 

Therefore 6 = 13.88' 

Armature current 1, = 1924.7 sin 6 + j (1  - cos 6) 1924.7 = 461.93 + j 56.20 

Therefore 1, = 4461 .932 + 56.22 = 465.34 A 

Generator kVA for all three phases = 3E,,Ia= 3 x 2887 x 465.34 VA 

= 4030.3 kVA 

4000 - 0.9925 P.F. of supply by generator = - - 
4030.3 

The current 7, leads and so the generator operates at a leading p.f. 

SAQ 2 

Phase vollage V ,  = - 5000 - 2887 V: Full load current la = 50009000 = 577.4 A 
6 - 6 x 5000 

So, I,Xs = 577.4 x 1.5 = 866 V - 

Phasor Diagrams 
Agure for A~~swer to SAQ 2 

(a) Refer to Figure (a). For unity p.f., 9 = 0,  and, with I,Rs = 0, jIaXs is at right 
angles to Va. 
Therefore, E. = dv2 + (laxs) 2 = d28872 + 8662 = 3014 v per phase. 

(b) Refer,to Figure (b). Here cos 9 = 0.8 and sin 9 = 0.6. 
', 

Component of Ea in phase with = Va - IaXs sin 9 



A.C. Machines 

Component of Ea perpendicular to va = I&, cos $ = 866 x 0.8 = 692.8 V. 

Therefore per phase emf E, = 1/2367.42 + 692.82 = 2466.7 v 
692 8 

tan 6 = = 0.2926 
2367.4 

6 = 16.31"' 

(c) Refer to Figure (c). For this case as IaRs = 0, cos $ = 0.8 and sin $ = 0.6, 

the inphase component of Ea = Va + I$, sin $ = 2887 + 519.6 = 3406.6 V 

Component of Fa perpendicular to V, = I&s cos $ = 692.8 

Therefore per phase voltage E. = d3406.62 + 692.8' 

SAQ 3 

If we interchange the supply to phases B and C for example, ib = I,,, cos (wt + 2x13) 
and i, = I,,, cos (wt - 2x13). So, proceeding as in the derivation of Eq. (8.16) 

BeIR) = KI,,,{cos 8 cos wt + cos (8 - 2x13) cos (wt + 2x13) 
+ cos (8 + 2x13) cos (wt - 2x13)) 

Kim -- - [{cos(8 - wt) + cos (0 + wt)) + 
2 

{cos (8 - wt - 4x13) + cos(8 + wt)) + (cos(8 - wt + 4x13) + cos(8 + wt)}] 

The tenns cos(8 - wt), cos(8 - wt - 4x13) and cos(8 - wt + 4x13) add upto zero, the 
resultant now being 

This is the equation of a field moving in the direction of decreasing 8 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 = 120f-a - 
P P 

6000 
(i) The no. of poles is therefore P = - = 4 

1500 

(ii) Slip s = 4 .05  

Hence speed of rotor = (1 - s) Ns 

= 0.95 x 1500 = 1425 rpm 

(iii) Slip s = -0.05 

Hence speed of rotor = (1 - s) 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. 

SAQ 5 

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

880 On a per phase basis, input power = - W 
3 

880 
Therefore, I (R,, + R2,) = 1 9 ~  (R,, + R2,) = - 

3 

Therefore (R,, + R2,) = 0.8126 Q. 

In Example 8.6 it is given that R,, = 1.2 x Rd, = 1.2 x 0.3 = 0.36 Q. 
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Therefore R,, = 0.8126 - 0.36 = 0.4526 Q 

Therefore (X,  + X2) = 1 .033~ - 0.81 32 

Therefore X, = X2 = 0.319 Q. 

SAQ 6 

0.3n 
& r - 

12 

(b) 
Equivalent Circuits 

Figure for Answer to SAQ 6 

R2 
(a) At starts = 1 ,  - = 0.15 = R2 

S 

The corresponding equivalent circuit is given in figure (a) above. " ( Therefore starting torque T,, - 
v: 

4 z f  ( R R ,  + ~ 2 ) '  + (XI  + x z ) ~  

7, = l2 + 7, 
FromExample 8 . 7 . z , =  1.15 - j 9 . 4 1  

Therefore T= 62.93 - j 126.1 1 

Therefore I,= 140.94 A. 

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

Therefore torque in per unit 

and current in per unit --- - 140'94 - 5.83, 
24.18 

(b) Referred to the stator, let the external resistance to be added be Re a. It is desired 
that s,, = 1. 

(0.15 + Re) 
Therefore 1 = 4 x - i S '  from Eq. (8.26) 

i.e., (0.15 + R e )  = 0.9014 or Re = 0.7514 Q. 

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

Re calculated above is the value referred to the stator. In terms of rotor values, this 
becomes 



In Example 8.7, we found that the maximum torque = 192.3 Nm. This now 
occurs at the start. 

I 192.3 - 3.04 Therefore starting torque in per unit of full load torque = - - 
63.28 

The new rotor current 7, = 
127 + j 0 

(0.3 + 0.9014) + j0.85 
= 70.45 - j 49.84 

~ d d i n g i + =  1.15-j9.14, i l=71.6-j58.98 

Therefore I, = V71 .62 + 58.982 = 92.76 A 

92.76 
Starting current in per unit = - - 

24.18 - 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. 

SAQ 7 

(a) Synchronous speed N, = 120 x 5 0  = 1500rpm 
4 

(Ns - Nr) - ( - 1500 - 1425) =0.05 Therefore sf = 
Ns 1500 

sb = (2- sf) = 1.95 

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

- - - - - - - - -  

(a) 

'l.On 1.026fi 

(b) 
Figure for Answer to SAQ 7 

A.C. Machines 
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Memuring Instruments 

Frequency of rotor currents induced by backward field = s b f  = 1.95 x 50 = 97.5 Hz. 

(c) On neglecting = 2 + j2.6, the equivalent circuit simplifies to that given in 

Figure (b) 
I 

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

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

- 
- 

vl - Therefore I, = - - (220 + j0) 
Zf + Zb q + Zb 

Therefore I, = 2/5.242 + 6.08~ = 8.03 A 

Nett torque, from Eq. (8.32) is 

2 - 5.222 x 40 - 
Ratio - - 1089'94 - 17.46 

Tb 7.80~ x 1.026 62.422 


