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Chapter

Basic Concepts in Rotating
Electrical Machines

1.1 Introduction

An electromechanical energy conversion device is one which converts electrical energy into mechanical
energy or mechanical energy into electrical energy.

The energy storing capacity of the magnetic field is much greater (about 25,000 times) than that of
the electric field. In view of this fact, electromechanical energy conversion devices with magnetic
field as the coupling medium between electrical and mechanical systems are more common in
commercial applications.

1.2 Energy Conversion

According to the principle of energy conversion, energy can neither be created nor destroyed, it can
nearly be converted form one form into another.

In an energy conversion device, out of the total input energy, some energy is converted into the
required form, some energy is stored and the rest is dissipated.

Energy Balance Equation

For a electrical motor:

(Total electrical energy Input) = (Mechanical energy output) + (Total energy stored) + (Total energy
dissipated)
W,=Ww__ + (W, + W_)+ (ohmic energy losses + coupling field energy losses) + (Energy losses
in mechanical system)
where, W,, = Total electrical energy input from the supply mains.
W_. = The mechanical energy output
W, + W, = Energy stored in magnetic field + Energy stored in mechanical system
= Total energy stored in any device and Total energy dissipated
= Energy dissipated in electric circuit as ohmic loss + Energy dissipated as
magnetic core loss (hysteresis and eddy-current losses) + Energy dissipated in
mechanical system (Friction and windage losses etc.)
For generator action:
Total Mechanical energy input = (Electrical energy output) + (Total energy stored) + (Total energy
dissipated)
(W,,— ohmic energy losses) = (W, + W,_ .+ Mechanical energy losses) + (W, + Coupling field
energy losses)
W, =W + W
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NOTE:
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General representation of electromechanical energy conversion device

Reluctance Motor

A single-phase reluctance motor is shown in figure. It has saliency (salient poles) both on the stator
and rotor.
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Single-phase reluctance motor

The axis of the stator flux is indicated by a horizontal dotted line-this axis of stator poles is called
stator direct axis (or d-axis). An axis 90° away from the d-axis is called quadrature axis.

The reluctance or permeance of the magnetic circuit depends on the relative angular position of the rotor
and stator.

Single phase voltage applied to N-turn coil establishes stator pulsating flux which crosses the air-
gap along the stator pole axis.
Space angle between stator axis and rotor axis,

0, = 00
where § is load angle and , is shaft angular velocity in rad/sec.
When 6, = O, stator axis coincide with rotor axis. Reluctance offered to the stator flux, by two small
air gaps in series with high permeability iron is minimum. This minimum reluctance is designated by
Rl ;and also called direct axis reluctance.
When the rotor long-axis is along the g-axis, i.e. when the space angle 8, = 90°, the reluctance
offered to the stator flux, by two very large air gaps in series with high permeability iron is maximum.
Itis designated by Fflq and also called quadrature-axis reluctance.
The variation of reluctance R/ with 8, depends on the shape of the stator and rotor poles and here
this variation is assumed to be sine function of space angle or as shown in figure.
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Variation of reluctance with space angle
1
e Constantreluctance, Rl, = E(qu +Rly)

e Thereluctance Al, varies sinusoidally,

1

RI - (F?lq— Rl ) cos 2q,

2 =

e Total reluctance, Rl = RI, + RI,

Rl = %(qu + Rly) - ~(Rl, - Rl;)cos26,

1
2
e  Thetorgueinterms of reluctance,

1, dR
Te — __¢2 /
27 de,
or T, = —%q)Z(Fflq—E’ld)sinZG,

e |f the instantaneous flux varies sinusoidally,
¢ = ¢, coswtthen Instantaneous torque,

7= _% 02, (Rl - Rly) [sin2(w,t—8)+%sin2(w,t+ of =)+ %sin(m,t—mt—&)}

e  When the shaft angular velocity w, is not equal to the time angular w, then average torque over the

complete cycle is zero.
-

e(av)
e Iftherotor speed o, = ® then average torque,

=0 ifo,z0
T = <02 (RI, - Rl,) sin23

&av) 8

e Average torque in terms of inductance,

1 o ,pf 1 1 .
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where, oL, = X, = d-axisreactance
oL, = Xq: g-axis reactance
L, = ﬁ=d—axis inducctance
Ri,
N2
L = —— =g-axis inducctance
q Ri,
1 ovpl 1 1]
, T = =0 0HN| ———[sin28

e [fthe flux produced by coil mmf NI is confined to the stator. Then magnitude of counter or reaction
emf £ must be equal to the applied voltage V..

V, = E= 2r Nfo,,

V(1 1), % .
Average torque T,,= -t _——— |sin2s or T_,=—L(I,—1,)sin28
’ gav) A (av) qg “d
a Xq Xd elav, 40)
Here, 1, 1, are the currents taken from the supply when rotor is held in minimum and maximum
reluctance position respectively.

e The reluctance motor can develop torque only at the synchronous speed.
e Reluctance motor is not a self-starting motor.

NOTE g

A winding put in the rotor pole-faces, serves to produce induction motor torque during starting
and as the shaft speed approaches synchronous speed, rotor pulls into step and continues
running at synchronous speed.

e Ifload torque on the motor changes, then the angle & adjusts itself till reluctance torque becomes
equal to the load torque.

e With the increase of load on the motor, load angle é increases till it reaches its maximum value of 45°.
Any further increase in load on the motor, would cause it to stall (fall out of step or loose synchronism).

e The single-phase reluctance machine can be made to work as a generator also.

e Forthis purpose, the reluctance machine is started as a motor first by giving a supply of frequency o.
Once it starts rotating at synchronous speed supply is disconnected and load is connected. Then it
starts converting mechanical energy into electrical energy.

Te(av) ----------- § % ___________
Motor ;
Generator | '
_4:50 4E5° °
i ANANATA
| Supply
Torque load angle characteristics o—\ ~)
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e Asthe mechanical power input to the shaft is increased, the space position of the rotor advances so
that angle o first decreases then becomes negative. As soon as § becomes negative, the machine
starts working as a generator converting the mechanical power input to the electrical output.

Reluctance torque is present only in those electrical machines in which the reluctance seen by the working
flux varies with rotor movement.

Applications

Single-phase reluctance motors are used extensively in driving electric clocks and other timing devices
because they operate at constant synchronous speed in case the supply frequency remains constant.

1.4 Doubly-excited Magnetic Machines

e A doubly-excited magnetic system is one which has two independent sources of excitations.

| f<\\ +
Source 1\/W

Double-excited magnetic system

* Inabove figure the stator with N, turns energised from source 1 and rotor with N turns is excited
from source 2. The mmf  produced by both stator and rotor winding is in the same direction and
magnetic torque T is in the anti clockwise direction.

e The total torque developed by the doubly excited magnetic system.

1,dy 1,d., .. dM,
e = Tl —1 +ig,
2°de, 2 de, ae,
where,  dL, = Differential change in self-inductance of stator winding
where, dL, = Differential change in self-inductance of rotor winding
dM,, = dM = Differential change in mutual inductance between stator and rotor winding
i Stator current

S
Rotor current

if
1., dL
e Ifi.=0then torque developed, T, = El’f des
.

The torque is developed because reluctance seen by the stator-produced flux changes with rotor
position. A change of reluctance varies the self inductance L with 8.
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Application
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1., dL
If i, =0 then torque developed T, = 5i,2 def
)

The torque is developed because L, is a function of rotor position.

m [fonly the stator is excited, then the stator flux would have a tendency to follow a minimum
reluctance path and for doing this, the rotor turns anti-clockwise.

m If only the rotor is excited, the rotor flux would have a tendency to follow a minimum
reluctance path and for achieving this the rotor again turns anti-clockwise.

am, : . N
The last term igi, des’ which depends on the current in both the stator and rotor windings and also
r
on the angular rate of change of mutual inductance M,,. This component of torque is commonly

called the electromagnetic torque of electro-magnetic energy conversion devices.

Reluctance torque 1152 s o 11,2 a,
2 de, 2" db,

) does not depend on the direction of currents in stator

Sr

or rotor windings. But the interaction torque (z’si,
:

) does depend on the direction of current

igandi,.

Synchronous machines, loudspeakers, tachometers, d.c. shunt machines etc.

Important Point:

In salient pole electrical machines, Reluctance is seen by stator flux varies with respect to g but
constant for rotor when reluctance is seen by rotor flux.

In non-salient or cylindrical type machines, reluctance seen by stator flux is constant but varies
when reluctance is seen by rotor flux.

Necessary condition for producing electromagnetic torque is number of stator poles must be equal
to number of rotor poles otherwise no-electromagnetic torque is produced.

1.5 General Terms in Rotating Machines

Pole-pitch

Fig. (a) : Elementary two pole machine
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e The above figure shows an elementary two-pole machine, with its 2 field coils excited by direct
current. The flux density at the point a in between the 2 poles will be zero. Under the centre of the
pole indicated by point b, the flux density would be maximum positive; at ¢ it is zero and at point
‘d’ it is again maximum but negative.

e  South pole on the stator or north pole on the rotor, produces positive flux density.

e The variation of flux density B, along the air gap periphery is depicted in figure.

B
0 TC}Z ! 0
| ' along rotor
' I periphery
! |
a b c

of =12 Ve of = 31/2
St [
l EQE | //TC 32 \\‘ZTC (5]
o /i i
T AN 2 /o i Along rotor
im . a | periphery
a b c d a

Fig. (c) : Pulsating flux

* Suppose the field coils of Figure (a) are excited with alternating current i = i sinot. At ot = 0, current
is zero and no field flux is produced.

e Atowf==,i= [?’” and maximum flux density under the pole is B?’”

ola

Y T
e At of =§, the flux density under the poles is B,. After wl‘=§, the flux density wave starts

decreasing. At wt = , the flux density is again zero. After ot = wis crossed, the direction of current

3n
in the field coils is reversed and consequently field poles of reversed polarity are created. At ot = >

the flux density is -B, .
e The axis of field a flux remains along bd. Such a flux is called alternating or pulsating-stationary flux.



Student's Assignments

The stator of a 3-phase, 6-pole a.c. machine has

45 slots. The stator winding has 45 coils with a

coil span of 6 slots. What type of winding will be

selected for this machine?

(a) Double-layer, fractional slot, short-pitched
winding

(b) Single-layer, fractional slot, short-pitched
winding

(c) Single-layer, integral slot, full-pitch winding

(d) Double-layer, fractional slot, full-pitch winding

A 4-pole, 3-phase, double-layer winding is
housed in a 36-slot stator for an ac machine with
60° phase spread. Coil span is 7 short pitched.
Number of slots in which top and bottom layers
belong to different phases is

(a) 24 (b) 18

(c) 12 (d) 0

Two 3-¢ alternators are such that one has twice
the linear dimension of the other. The field
windings are excited to give identical sinusoidal
air-gap flux density wave. Both have same no.
of stator slots and identical windings patterns.
The conductors per slots in alternator is k-times
that of smaller one. The value of 'k’ to get equal
no load voltage at the same frequency.

(@ 8 (b) 4

(c) 1/2 (d) 1/4

If the dimensions of all the parts of synchronous
generator and number of armature turns are
doubled, then the generated voltage will change
by a factor?

(@ 2 (b) 4

(c) 8 (d) 16

Pulsation loss in rotating machines occurs in
(@) pole body (b) pole shoes

(c) yoke (d) stator and rotor cores

Short time rating of motor
(a) isthe same as its continuous rating
(b) is independent of its continuous rating

10.

11.

ASSIGNMENTS
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(c) is more than its continuous rating because
of heat storage in its thermal capacity

(d) is less than its continuous rating because
of heat storage in its thermal capacity

In non-salient pole synchronous machine the
distribution of field mmf around air gap is a

(a) sinusoidal wave

(b) rectangular wave

(c) stepped triangular wave

(d) flat topped stepped wave

For a cyclic load variation motor the rating is
determine by

(a) the average load

(b) the peakload

(c) thermsload

(d) 3/4th of the peak load

For estimation of power rating of an electric drive
is losses can be considered to be proportional to
(@) power (b) (power)?

(c) (power)? (d) torque

A motor of less than full load power can be used
if the load is

(a) short time duty

(b) continuous duty

(c) intermittent periodic duty

(d) none of these

For a certain industrial application on over rated
ac motor was selected. It will load to operation
with

(a) higher efficiency and better p.f.

(b) lower efficiency and better p.f.

(c) higher efficiency and poorer p.f.

(d) lower efficiency and poorer p.f.

STUDENTS

/ ANSWER KEY

1. (@) 2. (a) 3. (d) 4. (o) 5. (b)
6. (c) 7. (d) 8. (¢ 9. (b) 10. (a)
11. (d)
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STUDENTS
@ ASSIGNMENTS ! EXPLANATIONS E1 = \/Eﬂiﬂ\h ¢m1K(o1
E, = V2rfNyo,,K,,
E @ E, = E, then N, Opm, = N, O,
36
itch = — = 9 slot
Pole pitch 7 slots KN, x 40 :N1<l>m1,K=l
Coil span = 7 slot, 4
Slot/pole/ph = 3 B ©
So that 3 slots in one phase, if it is chorded by . E = 4.44fNo
2 slot, then ' ' "
Out of 3 — 2 have different phase 0, = 2B, DI
- Out of 36 — 24 have different phase P
D, =2D
B« I, = 2,
Alternator Alternator 2B.,D,, 2B, (2D)(21)
then, Om = =
A A, P P
D, 1, N, D, =2D, N,= KN, Om = 40
l,= 2, "
5 5 5 Induced e.m.f,
and mp = Bmy = Bm
p E, = 4.44fN, Om
Kop = Koy =Ko E, = 4.441(2N)(40,)
b, =0,=0 E, = 444fN¢, (2x4)
q)rm ZBmD1l1 E1 = 8E
P E g
c =

and Om, = 28,01, _ 2B, (2Dy)(2h)
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