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PART 1, SECTION 3, YCHAPTER 1
THE D.C. GENERATOR

Imtroduction

1. While a circuit is moving in a magnetic
field in such a way that the magnetic flux
linkage is changing, there is in the circuit,
an induced e.m.f. which at each instant is
proportional to the rate of change of flux
linkage (see Sect. 2, Chap. 2). If this e.m.f.
is applied to a closed circuit an -electric
current will be established; mechanical
energy has thus been converted to electrical
energy. Any machine which does this is
known as a generator.. The d.c. generator
is a machine which when driven by mechan-
ical power causes a system of conductors
rotating in a magnetic field to generate
an em.f. and maintain a d.c. output voltage.

The Simple Generator

2. The simplest form of generator consists
of a single loop of wire able to rotate freely
in the space between the poles of a permanent
magnet. Connection is made to the external
circuit (or “load”) by brushes pressing on
two slip- rings which are connected to the
ends of the loop (Fig. 1). '

PERMANENT
MAGNET

BRUSHES

Fig. I. THE SIMPLE GENERATOR

3. When the loop is caused to rotate, the
magnetic flux linkage is changing and

e.m.f.s will be induced in each of the straight.

sides A—A?! and B—B!. The direction of
the induced e.m.f.s given by Fleming’s
Right . Hand Rule, is such that the two
e.m.f.s in series are additive and combine
to establish a current when the load is
connected. . '

4. The magnitude of the induced e.m.f. is
proportional to the rate of change of flux
linkage; thus, assuming the speed of rotation
to be constant, the induced e.m.f. will at any
instant depend on the positien of the loop
in the magnetic field. This is illustrated -
in Fig. 2, which represents the view] from
the commutator end of the loop.

5.@ In position (a) Fig. 2, the conductors
A ‘and B are moving parallel to the lines
of magnetic flux and are linking maximum

~ flux.  However, in a very small period
of time dt about the instant shown in ()

. the change of flux linkage is zero. .Thus,

the rate of change of flux linkage}%% is

zero and since E = — %) ?o]ts, the em.f.

induced in the loop at this instant is zero.

(b) Position (b) shows : the conductors
cutting the flux at right angles. The rate
at which the flux linkage is changing is
now a maximum and the e.m.f. induced

~ in the loop is a maximum, the direction

~being given by Fleming’s Right Hand Rule.
At this position, the e.m.f. is arbitrarily
assumed to be maximum in a positive
direction. '

(¢) Position (c) represents a position Whei’é
the rate of change of flux linkage is again
zero and no e.m.f. is induced in the loop.

(d) Position (d) is similar to position (b)
except that the side of the loop which was
previously moving downwards (side A)
is now moving upwards and vice versa.
The rate of change of flux linkage is
again a maximum and Fleming’s Right
Hand Rule will confirm that in relation
to (b), the em.f. is now a maximum in a
negative direction. ;
(e) Position (e) is identical with position
(a).
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6. At other positions of the loop the rate
of change of flux linkage is intermediate
between zero and maximum and so, there-
fore, is the eem.f. Thus, during one complete
revolution of the loop the voltage at the
terminals of the generator will vary in the
manner shown in the graph of Fig. 2. This
shows one cycle of alternating voltage.

7. The frequency of the alternating voltage
at the generator terminals depends on the
speed of rotation and on the number of
pairs of poles in the field magnet system
(see Para. 14). Thus :—

Frequency f =]t63(I;I (c/s) --- ...(D

where p = Number of pairs of poles.
N = Revolutions per minute.
Hence, the frequency of an alternating
voltage produced by a 4-pole a.c. generator
running at 1500 r.p.m. is:— '
PN 2 x 1500=,50

60 60 ofs-

Production of Direct Current

8. Where direct current in the external
circuit is required a form of automatic

reversing switch (known as a commutator) is-

substituted for the slip rings. The com-
mutator automatically reverses the connec-
tions between the loop and the external
circuit at the instant that the e.m.f. induced
in the loop is zero and reversing, thus
maintaining the direction of the current in
the external circuit. A simple form of

Fig. 2. E.M,F. INDUCED IN A ROTATING LOOP

commutator for a single-loop generator
eonsists of the two halves of a split ring,
separated from each other by a layer of
insulation. Each end of the loop is con-
nected to a segment of the commutator, and
the external circuit is connected to the loop

by brushes bearing on opposite sides of the

commutator, as shown in Fig, 3.

9. As the loop rotates, the e.m.f. induced
is alternating as described in Para. 6. How-
ever, since the commutator rotates with the
loop, the brushes bear on opposite segments
of the commutator during each half cycle
(compare Figs. 3 (b) and 3(d)). The left-hand
brush is always in contact with that segment
which is positive, and the right-hand brush
with that segment which is negative—the
changeover occurring at the instants when
the e.m.f. induced in the loop is zero (Figs.
3 (@), (¢), and (e)). A uni-directional
current is, therefore, established in the
external circuit. The variation in brush
voltage and the external circuit current
during one complete revolution of the loop
is illustrated in Fig. 3 (f).

10. A more constant brush voltage and a
smoother flow of current can be obtained
by placing additional loops symmetrically
round the axis of rotation. This necessitates
additional segments on the commutator,
the Ioops being so arranged that each loop
is connected between adjacent segments,
the end of one loop being connected to the
same segment as the beginning of the next
loop as shown schematically in Fig. 4(a).
For instance, loop A is connected between
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Fig. 3. PRODUCTION OF DIRECT CURRENT

segments 1 and 2, loop B between segments
2 and 3, and so on. With this arrangement,
the e.m.f. induced in each loop will reach its
maximum value when the e.m.f. in the
preceding loop is already decreasing, and
that in the succeeding loop still increasing.
Thus at the instant in. Fig. 4(a), if the e.m.f.
induced in loop E is a maximum, the e.m.f.
in loop F is decreasing and that in loop D
increasing. The voltage at the brushes
comprises the sum of the e.m.f.s induced
"in the loops connected in series between the
brushes. Thus, in Fig. 4(a) loops A, B,
and C are in series between the brushes on
the right, and loops D, E, and F on the left,
the two branches being in parallel with each
other. The graph showing the resultant
voltage between the brushes is shown in

Fig. 4(b). Only three loops have had to be
considered as the arrangement is symmetrical
and loops A, B, C, in parallel with loops
D, E, F, give the same voltage at the instant
shown. As the number of loops is increased
the ripple in- the brush voltage becomes
smaller and the magnitude of the output
voltage increases.

Magnitude of Induced E.m.f.

11. From Faraday’s and Lenz’s laws, the
e.m.f. induced in a circuit moving through a

di) volts. The
dt

e.m.f. of a generator, therefore, depends on:—

(a) The number of conductors connected
in series between the brushes.
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(b)}The speed of rotation.
(¢) The magnetic flux density.

12. In practice, the number of conductors
is fixed and the speed is nominally constant,
so that control of the e.m.f. must be obtained
through variation of the magnetic flux
density. This cannot be done with perm-
anent magnets but by substituting electro-
magnets the e.m.f. can be controlled by
varying the current in the windings (see
Sect. 2, Chap. 1, Para. 31).

TERMINAL BOX TSRS YOKE
COMMUTATOR

LUBRICATOR

BEARING
BRUSH ROCKER
BRUSH HOLDER

 Basic Construction of a D.C. Generator

13. The arrangement of the main com-
ponents of a d.c. machine is shown in Fig. 5.

- Such a machine consists of two main assem-

blies—the stator (or fixed portion) and the
rotor (or armature assembly). The stator
carries the field magnet system and the
brush gear. The rotor carries the coils in
which the e.m.f. is induced, the commutator,
and in many cases a series of fan blades to
assist in cooling.

ARMATURE

POLE PIECE
FIELD COIL
BRUSH SPRING

PORCELAIN BEADS

Fig. 5. CONSTRUCTION OF A TYPICAL D.C. MACHINE
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14. The Field Magnet System. Except for
very small machines the magnetic field is
provided by electromagnets in such a way
that the armature conductors pass under
North and South Poles alternately. Several
pairs of poles can be used, depending on the
flux required. The number of poles is
always even, with 2 poles for very small
machines and as many as 20 for large
machines. The field magnet system for a
6-pole d.c. machine is shown in Fig. 6.
To obtain a strong magnetic field for the
minimum expenditure of electrical energy,
ferro-magnetic materials of high perme-
- ability are used, and the magnetic circuit is so
arranged that it has the least possible reluct-
ance.

FIELD
REGULATOR

Fig. 6. THE MAGNETIC CIRCUIT OF A 6-POLE
D.C. MACHINE

15. The Armature Assembly. This con-
sists of the main shaft, the armature core
and windings, the commutator, the fan
blading, and the bearings.. The armature is
the practical application of the rotating loop
and it is driven by a prime mover—i.c., a
heat engine (steam, petrol, or diesel), an
electric motor, or a water turbine.
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THE D.C. GENERATOR

16. (@) Armature. The armature consists
of a soft iron drum, on the surface of
which are fixed the conductors to be
rotated between the pole pieces of the
field magnets, The core is laminated to
reduce eddy current losses and the material
used has a narrow hysteresis loop. The
individual coils which make up the
armature winding are identical, and after
being taped and- impregnated, they are
fitted into slots cut in the armature core
parallel to the axis of rotation (Fig. 7).
The flux from the poles threads through
the drum intersecting the sides of each
coil as it moves under a pole piece. The
coils are not actually wound into adjacent
slots but, as shown in Fig. 7, are spread
S0 as to embrace the angular distance
-between adjacent poles; that is, if there are
four poles spaced round at 90° intervals,
the two sides of a given coil accupy slots
that are 90° apart on the drum, and so on.
The two ends of each coil are connected
to separate commutator segments, the
finish of one coil being connected to the
same segment as the beginning of another
coil. Thus, the complete winding forms
a closed circuit.

(b) Commutator. This is mounted to-
wards one end of the shaft and is built
up of copper segments insulated from each
other by thin sheets of mica. The ends of
the coils are soldered into lugs or ‘““risers” -
on the end of the commutator segments.

17. The Brushgear. The brushes are made
almost invarjably of some form of carbon;
they. are self-lubricating and cause little
commutator wear. In addition, their com-
paratively high resistance minimizes reactive
sparking (see Para. 20). They are carried

COMMUTATOR
SEGMENTS

€=))

Fig. 7. ARMATURE AND ARMATURE WINDINGS .
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in small open-ended boxes termed brush-
holders, pressure being applied to the top of
the brush by an adjustable spring in order
to maintain the rubbing contact between
the brush and the commutator. Connection
to the external circuit from the brushes is
normally by ‘“‘pig-tails” of flexible copper
braid. The brush-holders are bolted to
brush-rockers which can be adjusted to move
through a few degrees round the periphery
of the commutator to alter the position of the
brushes in order to give the best possible
commutation (see Para. 21).

Commutation

18. Faulty collection or incorrect com-
mutation at the commutator and brushgear
of a d.c. machine produce similar results—
the formation of a destructive spark or arc
between the trailing edges of the brushes and
the commutator surface. Sparking due to
faulty collection is usually caused by bad
servicing or lack of maintenance. = Sparking
due to incorrect commutation (usually termed
reactive sparking) arises’ from unsuitable
positioning of the brushes, or faults in the
magnetic circuit.

19. Reactive Sparking. The commutator
segments connected to the ends of a coil
are normally short-circuited by the brush
when the sides of the coil are in a magnetic-
gﬂly neutral zone and no e.m.f, is being
induced in the coil. Consider the ideal case
for a 2-pole machine. Immediately before
short-circuiting, the coil B would be carrying
half the total armature current; during the
short-circuit period the current in the coil
would be zero; and immediately after the
short-circuit period the coil would be
carrying half the total armature current
in the reverse direction (Fig. 8).

A B
2
1%
2 | ZERO
—]
COMMUTATOR [~_BRUSH
SEGMENT

@) BEFORE SHORT CIRCUIT

b) DURING SHORT CIRCUIT

20. In practice the current cannot change
instantly because of the self-induced back
e.m.f. (or reactance e.m.f.) in the coil. Thus
the current in coil B will not have reached its
final value in the reverse direction immedi-
ately after the short-circuit period. The
result is that the difference in current between
coils B and C will “jump” between the
commutator and the brush in the form of a
spark.

21. Reduction of Reactive Sparking.
(a) Resistance Commutation. By using
high resistance carbon brushes the in-
ductive time constant L seconds is reduced;
R
this ensures a much more rapid build-up
of current in the reverse direction in coil B.
In addition, the high resistance contact
causes more current to go through coil B
and assists in attaining the full reversed
value of current at the end of the short-
circuit period. Resistance commutation
suffers from two main dis-advantages:-—

(i) Power losses (I2R watts) are high.

(ii) Slight sparking may still occur at the
brushes since the current is still changing
although at a greatly increased rate.

(b) Brush Position Commutation. If the
brushes of a generator are slightly advanced
(by means of the brush-rocker) in the
direction of rotation, the short-circuiting
of the coil will be delayed until it has corme
under the influence of the next main pole.
In these circumstances, an e.m.f. will be
induced in the coil considered and this
e.an.f. will be in such a direction as to
assist the collapse and the build-up of the
reversed current in the shorted coil.
In this way, reactive sparking can be
prevented since the brush position can be
so.adjusted that the reversed current is a

CURRENT
REVERSED
c
I
%
<l =

F*ARC DUE TO
REACTANCE EMF

¢) AFTER SHORT CIRCUIT

Fig. 8. CAUSE OF REACTANCE SPARKING
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full value before the end of the short-circuit
period. The disadvantage of brush posi-
tion commutation is that the position of
the brushes requires to be adjusted for
every variation in “load”.

(¢) Compoles. A  more  satisfactory
method of forcibly reversing the current
in the shorted coil (so that the current has
reached its correct value by the end of the
short-circuit period) is by the use of
compoles (also known as commutating
poles, or interpoles). These are auxiliary
poles located midway between the main

MAIN POLE

COMPOLE

Fig. 9. COMPOLES IN A GENERATOR

poles. Their windings are connected in
series with the armature winding and in
generators are so arranged that the
compole has the same polarity as the
next main pole ahead in the direction of
rotation (Fig. 9). When the armature
coil is in a magnetically neutral zone as
far as the main poles are concerned,
commutation takes place; the compoles
will then induce an e.m.f. in the coil
considered, this e.m.f. being in such a

MAIN FIELD
FLUX
Fig.a

ARMATURE
FLUX

Fig. b

TeE D.C. GENERATOR

direction as to assist in the collapse and
the build-up of the reversed current in the
shorted coil. Since the compole windings
carry the armature (load) current, any
}/anation in load is automatically accounted
or.

Armature Reaction

22. Cause of Armature Reaction. When
a generator is running on load, a magnetic
field is created by the current flowing in the
armature winding. This magnetic field is
superimposed on the main field (produced by *
the current in the field winding) to give a
resultant field which is distorted and weaken-
ed to an extent dependent on the load.
This effect is termed armature reaction
(Fig. 10). :

23. A line drawn vertically at a point
midway between the poles is terrmed the
Geometrical Neutral Axis (G.N.A.). A line
joining the two points at which no e.m.f.
is induced in a coil is known as the Magnetic
Neutral Axis (M.N.A.,). With the generator
on load, the M.N.A. is seen to have advanced
in the direction of rotation so that it has an
angle of lead on the G.N.A.

24. Effects of Armature Reaction. Arma-
ture reaction, if uncorrected, produces two
bad effects:—

(a) It causes the M.N.A. to move when
the load is varied, thus upsetting com-
mutation. '

(b) It weakens the main field, causing a
reduction in the generated e.m.f.

RESULTANT
FLUX

Fig. ¢

Fig. 10. ARMATURE REACTION IN A GENERATOR
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25. Correction of Armature Reaction Effects.

(@) By moving the brushes through the
appropriate angle of. lead so that their
axis coincides with the M.N.A. it is possible
to restore good commutation. However,
as was shown in Para. 21(), the angle of
lead then requires to be- adjusted for every
variation in load.

(b) The effects of armature reaction can
be greatly minimized by the use of compoles
(although these are primarily intended to
provide the necessary commutating e.m.f.
as shown in Para. 21 (¢)). The flux due to
the compoles is opposite in direction to
the armature flux. By placing the requisite
number of turns on each compole, these
two fields can be made equal at all loads,
since both are produced.by the armature
(load) current. By this means the M.N.A.
is made to coincide with the G.N.A. at
all times and it is no longer necessary to
give the brushes an angle of lead.

Classification of Generators
26. D.C. generators are usually classified

according to the method by which the

magnetic circuit of the machine is energised.
The recognised classes are:—

(@) Permanent magnet generators.
(b) Separately-excited generators.
(c) Self-excited generators.

Permanent Magnet Generators

27. Permanent magnets give the simplest
method of producing the magnetic flux
in a generator, but their use is confined to
relatively small machines because of the
difficulty experienced in producing sufficient
flux for larger machines.

CHARACTERISTIC

SEPARATELY-EXCITED GENERATOR

28. The relationship between the current
in the external circuit connected to the
terminals of a generator (termed the load cur-
rent or load), and the p.d. at the generator
terminals, is known as the external char-
acteristic of the machine. For a permanent
magnet generator, the terminal p.d. falls
slightly with increasing load and the machine
is said to have a falling characteristic.
This fall in terminal p.d. is due to two
causes:—

(@) Weakening of the main flux by arm-
ature reaction. ‘

(6) A voltage (IR) drop in the armature
windings and in the brushes.

Separately-excited Generators

29. * The magnetic field for this class of
generator is obtained from electromagnets
which are excited by current obtained from
an external d.c. source. The field and
armature windings are not connected in any
way. The field winding is usually of fairly
high resistance and provision is made for
regulating the exciting current, e.g., by a

. variable resistor (Fig. 11). Complete control

of the terminal p.d. over a wide range can
then be obtained (see Para. 12).

30. The generated e.m.f. falls slightly with

load because of armature reaction, if the
latter is not completely neutralized by the
use of compoles. The terminal p.d. falls
with load to an even greater extent because
of the increasing IR drop in the armature
windings (Fig. 11).

' Self-excited Generators

31.  This class of generator uses electro-
magnets to provide the magnetic flux. The
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e.m.f. required to send current through the
field coils of the electromagnets is generated
by the machine itself.. Self-excited generators
are further classified as.follows:—

(a) Shunt winding, where the field winding
is connected directly across the armature
(Fig. 12). To avoid unnecessary ex-
penditure - of electrical energy, the field
current is kept small, the necessary
ampere-turns for the required flux being
obtained by using many turns of fine

O t——

— AN

. FELD
REGULATOR .
Fig. 12.. SHUNT-WOUND GENERATOR

wire. The resistance of a shunt field
winding is consequently high. Provision
is made for regulating the exciting current
by a variable resistor in series with the
field winding:Complete control of the
terminal p.d. over a wide range is then
obtained.

AIAA SERIES
FIELD FIELD L
REGULATOR >
10AD %
SHUNT .
FIELD
o)

(Q> LONG SHUNT CONNECTION

THE D.C. GENERATOR

(b) Series winding, where the field winding
is connected in series with the armature
and the load (Fig. 13). The field coils
are usually made of a relatively small

SERIES
" FIELD
DIVERTER
-

Fig. 13. SERIES-WOUND GENERATOR

—0 4——y

LOAD

VVAN—

- number of turns of thick wire. The

terminal p.d. of a series generator may be
controlled by a diverter, i.e., a variable
resistor connected in parallel with the
field winding so as to adjust the current
in the field coils. A decrease in resistance
reduces the current in the field winding
thereby reducing the magnetic flux to
cause a fall in the generated e.m.f,

(¢) Compound winding, where a com-
bination of shunt and series field windings
is used. Each pole piece carries one
shunt and one series coil. If the shunt

O -

SERIES
FIELD

OI0—

LOAD §

FIELD
REGULATOR

SHUNT G
FIELD -

-0 e’

(D) SHORT SHUNT CONNECTION

Fig. 14. COMPOUND-WOUND GENERATORS
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winding is connected across the armature

‘and series windings a long shunt connection

results (Fig. 14(@)). In a short shunt
comnnection, the shunt winding is across the
armature only (Fig. 14 (b)). Control of
the terminal p.d. is usually obtained by a
variable resistance in series with the shunt
winding.

32. Characteristic of shunt-wound generators.
The initial build-up of field current depends
on the retentivity (or residual magnetism) of
the magnetic circuit. When the armature
is caused to rotate, the conductors cut the
weak magnetic flux provided by the residual
magnetism. A small e.m.f. is induced in the
armature and this is applied across the
shunt winding to establish a current in the
latter; the magnetic flux increases. In this
way, a progressive increase in the induced
e.m.f. and in the field current occurs, until
the terminal p.d. reaches a steady no-load
maximum equal to the generated e.m.f.

VOLTS.

[N \.
(Y
I
b
gl L
3: ‘ /
= ,,,//
3
17,
(g
et
I

LOAD (AMPS)

Fig. 15. CHARACTERISTICS OF SHUNT
GENERATOR

33. The eéxternal charactéristic of a shunt
generator is similar to that of the separately-
excited machine (Para. 30). However, the
fall in terminal p.d. with increasing load will
reduce the field current, thus weakening
the main flux and producing a further fall
in the terminal p.d. The total decrease in
the terminal p.d. is, therefore, greater than if
the machine were separately-excited. If the
load is increased beyond the ‘full load”
condition, the terminal p.d. will fall at an
increasing rate until the generator shuts

down and both the terminal p.d. and the load
currént fall to zero (Fig. 15). In effect, the
field winding is shunted by the low resistance
of the external circuit and the main- flux
collapses. For this reason, a shunt-wound
generator should be allowed to build up to-
its full voltage before connecting the load.

34. Characteristic of series-wound generators.
In these machines the field current is pro-
portional to the load current. No curréent
flows through the field winding until an
external load is connected, and on no-load
the only e.m.f. generated is the small amount
due to the residual magnetism of the magnetic
circuit. When a load is connected, current
flows through the armature and field windings
in series. As the resistance of the external
circuit is decreased the increased load current
in the field windings gives an increase of
flux so that the generated e.m.f. and the
tefminal p.d. rise. This is progressive as
shown in Fig. 16. Maximum terminal p.d.
is attained when the magnetic circuit reaches
saturation. Any further increase in load
current will not then result in a rise o
generated e.m.f. but it will, on the othef
hand, cause an increased voltage drop in the
armature and field windings. It is this IR
drop which gives the difference between
the genérated e.m.f. and the terminal p.d.
in Fig. 16.

VOLTS:

_ FULL_LOAD

\

LOAD (AMPS)

Fig. [6. CHARACTERISTICS OF  SERIES
GENERATOR

35. Characteristics of .compound-wound
generators. The external characteristics of
these generators depend on the relative
direction of the shunt and the series windings,
and on the number of turns on the series
winding.
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(a) Cumulative compound winding. When
the series winding is wound to produce
the same polarity at the pole pieces as that
provided by the shunt winding, the wind-
ings are cumulative in their effect. An
increase of load current in such a machine
will cause an increase in flux due to the
action of the series field. This increase
of flux may compensate for the weakening
of flux whiéh occurs when a load is
imposed on a shunt-wound generator
(see Para. 33) thus maintaining the terminal
p.d. When the effect of the series winding
increases the flux to such an extent that
the terminal p.d. at full load is the same
as that at no load, the machine is said to
- be level compounded. By increasing the
number of series turns, the flux due to the
load current will increase; the terminal
p.d. at full load will then be above the no-
load value and the machine is over-com-
pounded (Fig. 17).

TERMINAL

P.D.
CVOLTS)

DIFFERENT IAL

- — -NORMAL_ FULL LQAD

LOAD (AMPS)

Fig. 17. CHARACTERISTICS OF COMPOUND
GENERATOR

(b) Differential compound winding. These
are machines in which the series and shunt
fields oppose each other. With increased
load, the increase in series field strength,
opposing the shunt field, causes a fall in
the total flux, resulting in a fall in the
terminal p.d.

THe D.C. GENERATOR
Generator Losses and Efficiencies

36. Losses. The various power losses
which occur may be divided into:—

(a) Copper Losses. These are sometimes
refefred to as electrical losses and are
caused by current passing through the
resistance of the various conductors so
that a power loss (I2R watts) results. In
general, they increase with the load and to
prevent excessive copper losses the gener-
ator should not be overloaded.

(b) Iron Losses. These are sometimes
referred to as core losses and are sub-
stantially constant at all loads.  They
include :—

(i) Hysteresis loss in thé armature.

(i) Eddy current loss in the armature.
(¢) Friction Losses. These are purely
mechanical lossés and include:—

(i) Friction at the bearings and at the

commiutator.

(i) Wind resistance of the rotating

armature.

37. Efficiencies. The energy changes and
losses which occur in the transformation
of mechanical energy into electrical energy
in a generator are shown diagrammatically
in Fig. 18. - From this it is seen that the
electrical power developed in the armature
is equal to the applied mechanical power
less the iron and friction losses; and the
electrical power output is equal to the power
developed in the armature less the copper
losses.

38." From Fig. 18 it is possible to give three
separate efficiencies:—
(@) Mechanical efficiency =
Power developed in armature x 100
Mechanical power supplied (per cent.)
(b) Electrical efficiency =
Electrical power output x 100
Power developed in armature (per cent.)
(¢) Commercial efficiency =
Electrical power output x 100
Mechanical power input (per cent.)

Thus, Commercial Efficiency = Mechanical
X Electrical Efficiencies.

Note. The Commercial Efficiency is the one:
more commonly used since it gives.
the overall efficiency of the gener--
ator.
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39. The graph of Fig. 19 shows how the
‘commercial efficiency and the losses vary

with the load current in a compound gener-

ator. From this graph it is seen

whereas the iron and friction losses are
practically constant with load, the copper
losses increase with the load current. Because

of this the efficiency falls off when overloaded

as shown.
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Fig. 19. VARIATION OF LOSSES AND EFFICIENCY
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FORCE
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N
.
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7
~—e

Fig. 4. FORCE ON A CURRENT-CARRYING
CONDUCTOR, CURRENT REVERSED

5. The direction in which a conductor
which is carrying current tends to move
when it is placed in a magnetic field is given
by Fleming’s Left Hand Rule:—

If the first finger, the second finger, and the
thumb of the LEFT hand are held at right
angles to each other, then with the First Finger
pointing in the direction of the Field (N. to
S.), and the seCond finger in the direction
of the Current in the conductor, the thuMb
will indicate the direction in which the con-
ductor tends to Move.

First Finger
Field

SeCond Finger
Current

Direction

Fig. 5. FLEMING’S LEFT HAND RULE

6. The force acting on a current-carrying
conductor when it is placed in a magnetic
field is given by:—

F = BI/ (newtons) ... .. (D
where F = Force acting on the conductor

in newtons. '
B = Flux density of external field
in Wb/m?2,
= Current in conductor in amps.
! = Length of conductor in metres.

7. The fact that a mechanical force acts on
such a conductor is used for a number of
applications in radio, including certain
types of measuring instruments, loud-speakers,
telephones, and the electric motor. The
latter is considered in this Chapter.

The Electric Motor

8. An electric motor is a machine for
converting electrical energy into mechanical
energy, its function being the reverse of that
of a generator. There is little difference
between the construction of generators and
motors; both comsist of the same essential
parts, and the same variations of field-winding
connection are found in both types of
machines. Provided it is of suitable design
as regards brushgear, a d.c. machine can be
used either as a motor or as a generator.

The Principles of a Simple D.C. Metor

9. A motor depends for its operation on the
force exerted upon current-bearing con-
ductors situated in a magnetic field. Con-
sider a simple permanent magnet motor
connected to a battery as shown in Fig. 6.

Fig. 6. D.C. MOTOR PRINCIPLE

By applying Fleming’s Left Hand Rule it
will be seen that side A of the loop (under
the N pole) tends to move upwards, while
side B of the loop tends to move downwards.
The forces acting on the two sides of the loop
are thus cumulative in their effect, and tend
to turn the loop in a clockwise direction.
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10.  As the sides of the loop pass through the -

magnetic neutral position, the commutator
reverses the connections of the supply to the
loop, and the current in the loop is conse-
quently reversed. Side A of the loop is now
coming under the influence of the S pole,
with side B coming under that of the N pole.
As the current in each side of the loop has
been reversed at the instant of transfer from
the influence of one pole to that of the other,
it follows that the force acting on side A will
now be downwards, and on side B upwards.
The mechanical force on the loop is thus
continued in the original direction, and
rotation continues so long as the supply is
connected.

Back E.m.f.

11. When the armature of a motor is
rotating, its conductors are cutting the lines
of flux of the magnetic field of the machine.
An emf. is, therefore, induced in the
conductors as in a generator. The direction
of the Back E.m.f. is given by Fleming’s
Right Hand Rule and is such that it opposes
the motion producing it (Lenz’s Law).
The motion is caused by the external current
supply to the armature, and the back e.m.f.
will so act as to cut down the current, i.e.,
it will act in opposition to the applied e.m.f.
As was shown in Chap. 1, the value of the
back e.m.f. is proportional to the product
of the flux and the speed of rotation.

12. There are three voltages to be con-

sidered in an electric motor when it is
running: the e.m.f. applied to the machine,
Ea; the back e.m.f., Eb; and the voltage
drop in the armature, Ia Ra. From Kirch-
hoff’s second law, these three voltages are
related as follows:—

Applied e.m.f. = Back e.m.f. + Armature
voltage drop
Ea = Eb + Ia Ra (volts)... .. 2

Armature Reaction

13. When the armature of a motor is
carrying current, the main field of the
machine is distorted by the magnetic flux
resulting from the armature current in much
the same way as in a generator. In a motor,
however, the effect of armature reaction is
to weaken the main field to an extent depend-
ent upon the value of the armature current.
The magnetic neutral axis is moved back-

Tue D.C. Moror

wards against the direction of rotation (in a
generator it is moved forwards);in conse-
quence the brushes are moved slightly
backwards to reduce reactive sparking (Fig.
7.

ANGLE OF LAG
M.NA GNA.

ROTATION
Fig. 7.  ARMATURE REACTION IN A MOTOR

14. The objection to moving the brush
gear is the same as that for generators,
i.e., no one position is completely satisfactory
over the whole load range. By the use of
compoles, motors can be operated with fixed
brush positions for all conditions of load.
The compoles are connected in series with
the armature as in generators, but in this
case they are wound so that the magnetic
polarity of each compole is opposite to that
of the next main pole ahead in the direction
of rotation.

Torque

15. Torque is the term used to express the

turning or twisting effect of a force about an

axis. In a d.c. motor each conductor lying

in the influence of a pole face exerts a torque -
tending to turn the armature, the torque of
each conductor being determined by the

force exerted on the conductor multiplied

by the distance of the conductor from the

axis of the armature. The sum of these

torques is termed the Armature Torque and

is given by :(—

Torque, T =1 KOIZ (newton-metres)
27 ...(3)
where K = A constant depending on the
machine.
00 Flux per pole in webers.

I

I Armature current in amps.
Z = Number of conductors.

This leaf issued with A.L. 2
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Note. Since the factors K and Z are constant
for any given machine it is seen that a
variation of torque is obtained by
varying either the flux ® or the arma-
ture current 1.

16. The whole of the armature torque is
not available for doing useful work. Friction
in the bearings, the opposition to magnetic
change in the armature core; and wind
resistance to the rotating armature all act as
a load on the machine, and must be over-

come before any useful work can be done.

The torque required to overcome these
losses is termed the Lost Torque, while the
difference between the armature torque and
the lost torque, i.e. the torque available for
useful work, is generally known as the
Shaft Torque. ’

17. The power developed by a d.c. motor
is proportional to.the product of the shaft
" torque and the speed in revolutions per
minute. It follows that for a given power
any increase in speed can be obtained only
‘at. the expense of torque, and vice versa:
thus, at low speeds the torque will be high,
and at high speeds the torque will be low.

18. A mechanical load exerts a torque
opposing the motion and this Load Torque
~is constant for a given load, irrespective of
the speed at which the load is driven. At
low speeds, the shaft torque of the motor
will be high and in excess of the load torque.
The motor will therefore accelerate and,
as its speed rises, the shaft torque will fall
until the shaft and the load torques are
equal. The motor then continues to drive
the load at a steady speed.

19. If the load is increased, the load
torque rises to upset the torque balance.
" The motor will therefore slow down, thereby
increasing the shaft torque until the balance
is once more restored and the speed is again
stablilized. A constant speed with an in-
creased load can be obtained only by in-
creasing the power output of the motor.

Motor Losses and Efficiency

20. Losses. As with the generator, the
losses in a motor can be classified as:—

(a) Copper losses due to the generation
of heat (I?R watts) in the armature and
field windings; these losses vary with the
load.

(b) Iron losses due to hysteresis losses in
every part of the iron through which the
flux changes and also to eddy currents
induced in the rotating armature.

(¢) Mechanical losses due to friction at the
bearings and brushes, and to windage.

21. Efficiency. The energy changes and
losses which occur in the transformation of
electrical energy into mechanical energy in a
motor are shown diagrammatically in Fig. 8.
From this it is seen that the mechanical
power developed in the armature is equal to
the applied electrical power less the copper
losses; and the mechanical output at the
shaft is equal to the mechanical power
developed in the armature less the iron and
mechanical losses. The overall efficiency of
the d.c. motor is:—

Efficiency =

Mechanical Power Output x 100
at the Shaft
Electrical Power Supplied (per cent)
Also,
Efficiency =
Electrical Power Supplied —
Total Losses x 100

 Electrical Power Supplied  (per cent).

Speed of a D.C. Motor:

22. The back e.m.f. developed in the arm-
ature of a d.c. motor when it is running,
determines the current in the armature and
inakes the motor a self-regulating machine
in which speed and armature current are
automatically adjusted to the mechanical

1

MECHANICAL MECHANICAL
: POWER
ELECTRICAL COPPER POWER IRON AND FRICTION oorpur
POWER LOSSES DEVELOPED LOSSES UTPU
INPUT A INTHE AT THE
ARMATURE SHAFT

Fig. 8. STAGES IN THE TRANSFORMATION OF ENERGY IN A MOTOR
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load. At small values of load the shaft
. torque exceeds the load torque; the armature
therefore accelerates and gives rise to a
larger back em.f. The  increased back
e.m.f. cuts down the armature current thus
reducing the shaft torque until eventually
a state of balance between the two torques is
obtained and the speed is stabilized. With
increasing load the load torque is increased,
exceeding the shaft torque and causing a fall
in armature speed. Reduced armature speed
results in reduced back e.m.f. and increased
armature current; the increase in armature
current produces an increase in shaft torque
restoring torque balance and stabilizing the
speed again. The variation of speed with
armature current (i.e. with mechanical load)
is known as the speed characteristic of the
motor.

Control of Speed

23. Assuming constant load, there are two
methods commonly used to vary the speed
of a d.c. motor:—

(a) Field Control. By weakening the main
flux of a motor the back e.m.f. is reduced,
increasing the effective voltage and the
armature current. The increased arm-
ature current gives rise to an increased

shaft torque, causing the motor to acceler- -

ate until the back e.m.f., rising with
increased speed, restricts the 'armature
current and shaft torque to restore the
balance of shaft and load torques. At
this point the speed of the motor will
stabilize. Conversely, an increase in field
strength will cause a reduction in speed.

(b) Armature Control. By reducing the

voltage across the armature of a motor
~ the effective voltage is reduced, with a
corresponding reduction in armature cur-

rent and shaft torque. The excess of load.

torque over shaft torque causes the motor

" to slow down to a point where the reduced
back e.m.f. permits sufficient armature
current to produce a -state of balance
between the two torques. At this point
the speed of the motor will stabilize.

Types of D.C. Motor

24. D.c. motors are classified according to
the method by which the field is excited.
{(a) The majority of motors are comparable
to self-excited generators, i.e., the armature

Tae D.C. Moror

winding and the field winding are supplied
from a common source. Their speed and
load characteristics vary according to the
method of connecting the field winding to
the armature, and as a class, they are
capable of fulfilling most requirements.

(b) Separately-excited motors are used
only for special purposes where the more
normal types are unsuitable.

(¢) Permanent magnet motors are em-
ployed for certain special purposes, e.g.
in small control systems.

~Shunt-wound Motors

25. The field winding of the shunt-wound
motor is connected in parallel with the
armature (Fig. 9). It is thus directly across
the supply and must be of fairly high resist-
ance to restrict the current through it. The

SUPPLY

ARMATURE

REGULATOR

P —

Fig. 9. SHUNT-WOUND MOTOR

winding consists of a large number of turns
of fine wire. The armature winding is of
low resistance to minimize I?R losses, but
unduly heavy current through this winding
is prevented by the action of the back e.m.f.
when the motor is running.

26. Speed Control. This is normally accom-

. plished by a variable resistor connected in

series with the field winding. An increase
in resistance will decrease the field strength
and increase the speed of the motor (see

Para. 23).

27. Characteristics.

(@) Speed characteristic. Whatever the
load may be the back e.m.f. adjusts itself
to such a value that sufficient armature

“This leaf issued with A.L. 2
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current can pass to produce a torque equal
to the total opposing torque. Further,
owing to the low armature resistance, a
small decrease in the back e.m.f. (con-
sequent upon a slight reduction in speed)
is sufficient to permit full armature current
to flow. Reduction in speed from “no
load” to “full load” is therefore small
(see Fig. 10.) and a shunt-wound motor can
be considered as a constant-speed machine.

A

SPEED
AND &
TORQUE ,\3«*
\g
~
&
A A
&
[
I )
1
I
; .
B e

ARMATURE CURRENT
Fig. 10. SHUNT MOTOR CHARACTERISTICS

(b) Torque characteristic. Since the field
current is constant the field strength is also
practically constant except for the weaken-
ing effect of armature reaction with full
load current in the armature. The torque
is therefore, proportional to the armature
current (see equation (3)) until approaching
the full load condition (Fig. 10). The
starting torque is small because of the
restricted armature current, and shunt-
wound motors should, therefore, be started
on light load or no load.

28. Uses. Shunt-wound motors are suit-
able for purposes where the speed is required
to remain approximately constant from no
load to full load, e.g., lathes, drills, and light
machine tools generally.

Series-wound Motors

29. The armature winding and the field
winding of series-wound motors are in
series with each other across the supply
(Fig. 11). The armature and field currents

series [|g, DIVERTER
FIELD ||
SUPPLY
ARMATURE
Fig. 11. SERIESSWOUND MOTOR

are, thus, proportional to each other. Both
windings are of low resistance to minimize
I2R losses, the field winding consisting of a
few turns of heavy wire. The current in both
windings, under running conditions, is re-
stricted by the back e.m.f. induced in the
armature.

30. Characteristics.

(a) Speed Characteristic. In a series-
wound motor the field flux is proportional
to the armature current until the iron of
the magnetic circuit approaches saturation.
From Para. 23(a) it is seen that the speed is
inversely proportional to the flux (and
hence armature current) up to the point
of magnetic saturation, so that the speed
decreases with increased load. The speed
characteristic is shown in Fig. 12. From

%
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—

ARMATURE CURRENT
Fig. 12. SERIES MOTOR CHARACTERISTICS
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its shape it is seen that the series-wound
motor is essentially a variable speed motor,
the speed being low on heavy load and
dangerously high on light load. For this
reason the series-wound motor is not run
without some mechanical load on it.

(b) Torque Characteristic. From equation
(3) it is seen that the torque is proportional
to the product of the flux and the armature
current. Further, in a series motor, the
field -flux is proportional to the armature
current so that the torque is proportional
to the square of the armature current.
Hence, the torque increases rapidly as the
load is increased until the iron approaches
saturation (Fig. 12). The starting torque
is high and series motors can be started on
full load.

31. Uses. Series-wound motors are used
where large starting torques are required
and where the load is subject to heavy
fluctuations. Typical uses 1nc1ude engine
starting and traction work.

Compound-wound Motors

32. It is often necessary to modify the
characteristics of normal shunt or series
motors to meet certain specific requirements.
For example, a motor may be required to
develop a high starting torque without the
tendency to race when the load is removed.
Other circumstances may require a motor
capable of reducing speed with increased
load to an extent sufficient to prevent
excessive power demand on the supply, while
still retaining the smooth speed control and
reliable off-load running of the shunt motor.
These and other requirements can be met by
suitable compounding. By arranging that
part of the field winding is in series with the
armature, and part in parallel with it the
large starting torque of the series motor can
be combined with the steady running under
varying load of the shunt motor. This is the
compound-wound motor. The windings can
be either cumulatively-wound or differentially-
wound depending on the requirement (see
Chap. 1, Para. 35).

33. Characteristics. The torque and speed
characteristics for a typical compound-
wound motor are shown in Fig. 13. " It will
be seen that for a small load and armature
current the speed is not excessive, and that
over a working range of load the speed is

fairly steady; both of these are “shunt” -

- features.

Tee D.C. Motor

At the same time, there is an
appreciable drop in speed between no-load
and full-load, and this is a “series” feature.

SD[ED
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FTORQUE
S
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«
<
v.
S/

ARMATURE CURRENT

Fig. 13. COMPOUND MOTOR CHARACTERISTICS

Motor Starters

34. Small and medium d.c. motors can be
started by connecting the motor terminals
direct to the supply, provided the armature
windings are of sufficiently high resistance to
limit the initial surge of current to a safe
level. Direct starting cannot, however, be
adopted with larger high power motors
having low resistance armature windings.
When the armature is stationary there is no
back e.m.f. induced in the armature winding
so that on connecting the supply to the low
resistance armature the current would be
excessive. The build-up of flux would
be delayed still more by the weakening effect
of armature reaction (produced by the
excessive armature current). This, in turn,
would result in reduced torque and slow
acceleration with consequently reduced back
em.f. The period of excessive current
would - thereby be prolonged and would
undoubtedly lead to damage of the armature
winding. Thus, in motors having a low
resistance armature winding a motor starter
must be used.

35. The principles of starting and of the
speed regulation of the various types of d.c.
motors can be summarized as follows:—

This leaf issued with A.L. 2
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(a) Series Motor. at once to the shunt field winding

(i) The normal starting equipment for low
resistance types consists of a variable
resistor connected in series with the
supply (Fig. 14). The motor is started
with all the resistance in circuit to limit
the initial surge of armature current;
the resistance is then progressively
reduced until, at normal speed, all the
resistance is out of circuit and the back
e.am.f. is such as to keep the armature
current at its normal low value. As
noted in para. 30 the series-wound
motor is started on load.

(ii) Speed regulation is obtained by
either a variable resistor connected in
series with the supply or by a diverter
in parallel with the series field winding
(see Fig. 14).

() Shunt Motor.

() This type is normally started with
resistance in series with the armature
winding only, full voltage being applied
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SPEED
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STARTER

) REGULATOR
9

- SERIES SHUNT

(Fig. 14); the starting resistance is
progressively reduced as the speed
rises, the increased back e.m.f. then
limiting the armature current. The
shunt motor is normally started off load
(see Para. 27). _

(ii) Speed regulation is normally by a
variable resistor in series with the shunt
field winding (see Fig. 14). Increased
resistance gives increased speed.

(¢) Compound Motor. Normally as for
shunt motors.

Rotary Transformers

36. In many instances of both ground and
airborne radio equipments the d.c. power
supplies are obtained from a rotary trans-
former. This is a single machine combining
the functions of a d.c. motor and d.c. gener-
ator. It consists of a single field system and
a single armature, on which are separately

~

OFF AN
STARTER .

ON

SPEED
REGULATOR

¢

COMPOUND

Fig. 14. STARTING AND SPEED REGULATIONS
OF D.C. MOTORS
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wound the motor and generator windings.
On supplying the d.c. input to the ficld wind-
ing and to the motor winding (via the motor
commutator and brushes) the armature
rotates; since the generator winding on the
armature is moving in a magnetic field an
em.f. is induced in this winding, the d.c.
output being taken via the generator com-
mutator and brushgear to the external circuit.
In this way it is possible to “step up’ or
“transform” the input voltage to any required
level. For example a typical rotary trans-
former operates from a d.c. input of 24 volts
at 7 amps and gives a d.c. output of 1,200
volts at 100 milli-amps. It should be noted
however that in the conversion of energy
some losses have occurred (Para. 20) and the
power output of the machine is always less
than the power input.

Rotary Inverters
37. This is the name given to machines

Tee D.C. Motor

which combine the functions of d.c. motor
and a.c. generator. A rotary inverter is
similar in construction to a rotary trans-
former with the exception that the generator
windings are connected to slip rings instead
of to a commutator. In this way the d.c.
input to the motor commutator is “inverted”’
to give an a.c. output at the slip rings of the
generator.

Rotary Converters

38. This is the name given to machines
which combine the functions of a.c. motor
and d.c. generator. It is similar in general
construction to the rotary inverter, but the
slip rings are now on the input (motor) side
and the commutator on the output (generator)
side of the machine. The a.c. input to the
slip rings of the motor is “converted” to
give a d.c. output at the generator commu-
tator.
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PART 1, SECTION 2, CHAPTER 1

THE MAGNETIC CIRCUIT

MAGNETISM

Introduction

1. Certain specimens ‘of iron ore called
natural magnets or lodestones, possess th
following properties :— — :

(@) When. freely suspended they come to
rest pointing in a North-South direction.

(b) They attract small fragments of iron
and steel.

2. These “ magnetic” properties can be

imparted artificially to iron and steel to

produce permanent magnets and electro-
magnets. :

" (@) Permanent magpets are made of steel
or alloys of steel, and once magnetised
they retain their magnetic properties for
a long period of time under normal
conditions.

(b) Electromagnets are made with a core

of soft iron or alloys of iron and have the

property that, although easily magnetised,
they lose their magnetic properties almost
immediately once the magnetising influence
is removed.

The Magnetic Field

3. That end of a permanent magnet which,
when freely suspended in a horizontal plane,
points to the earth’s north magnetic pole
is termed the north-seeking end, or the
north (N) pole, of the magnet. The other
end is the south (S) pole. '

4, If the N-pole of another magnet is
brought near the N-pole of the suspended
magnet, the two poles repel each other.
Attraction - occurs between a N-pole -and
a S-pole. Thus :—

. “Like poles repel ; unlike poles attract
. each other”. , '

5.. The magnetic field of the bar magnet
shown in Fig. 1 is the space around a magnet
~ where magnetic forces are experienced.
This field can be detected by the use of iron
filings or by a compass needle, and is repre-
sented by lines of magnetic flux. Although
some lines are shown incomplete they are
always continuous.

Fig. .—THE FIELD OF A PERMANENT MAGNET.

6. The direction of a magnetic field at any
point is that in which the North pole of a
compass needle would point if placed in the
field. The direction is indicated by arrow-
heads in Fig. 1, and is seen to be from N. to
S. in the space around the magnet (and
from S. to N. “inside ” the magnet).

Flux and Flux Density

7. The total number of lines of magnetic
flux leaving a magnetic pole is termed

*. the magnetic flux (symbol ®). The practical

unit is the Weber (Wb), which corresponds

-to 108 lines. :

8. The flux density-'(symbol B) is defined as
the flux per unit area and is measured in
Webers per square metre (Wb/m?). Thus :—

tic flux
Flux density = Total I:ig:e e T

ie, B =—(Wbm3... .. (1)

| 9. Fig. 2 (a) shows the magnetic field that

exists between two unlike poles. Fig. 2(b)
shows the effect of inserting an iron bar m
the space between the two poles. The flux
lines appear to be concentrated in the
vicinity of the iron. The iron has in fact.
become magnetised from the external field
and produces flux lines of its own, which
combine with the original flux to give an
increase in the total flux in that area. Thus,
iron has the property of increasing the flux
density of a magnetic field. -
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Fig. 2.—EFFECT OF INSERTING {RON IN A
MAGNETIC FIELD.

Fig. 3.—THE MAGNETIC FIELD ROUND A
CURRENT-CARRYING CONDUCTOR.

The direction can be found from the cork-
screw rule, which states :— -

“If a corkscrew is rotated so that its
direction of travel is the same as the con-
ventional flow of current in the conductor,
the direction of rotation indicates the
direction of the magnetic field around the
conductor >,

This is shown in Fig. 4.

DIRECTION OF DIRECTION OF ROTATION
CURRENT
/—? »
1l Ny
- *
DIRECTION OF i
LINES OF FLUX DIRECTION \
OF \
Mononl
&
R CURRENT- CURRENT-
-~ OUT OF PAPER INTO PAPER
N FIELD - FIELD -
ANTI-CLOCKWISE CLOCKWISE

CONDUCTOR CORK

Fig. 4—THE CORKSCREW RULE

The Magnetic Effect of a Current

10. Fig. 3 shows the cross-section of a
conductor assumed to be carrying a current.
The convential flow of current is denoted
by “ 4 », which indicates that the current
is in a direction ““into the paper”. The
resultant magnetic field (both inside and
outside the conductor) takes the form of
concentric circles. The direction of the
field is seen to be clockwise in this case.

The Magnetic Field of a Solenoid

11. A solenoid consists of a number of
turns of wire wound in the same direction
as in a spiral spring, to form a coil. Fig. 5
shows a solenoid connected to a battery such
that the conventional current is in the
direction indicated.

12. The direction of the magnetic field
around any elementary part of the solenoid
can be obtained from the corkscrew rule.
If this is done for a large number of elemen-
tary parts, and the fields combined, the
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. THE MAGNETIC CIRCUIT
resultant field will be as indicated in Fig. 5.

Tt is seen that the flux lines form a complete
closed path in every case, the field being very

similar to that for a permanent magnet.

: l CURRENT
§ —
L}

BATTERY
Fig. 5.—THE MAGNETIC FIELD OF A SOLENOID.

13. The polarity of the magnetic field of a
so}enoid can be obtained from either of two
rules :(—

(@) The N—S rule. Looking at one end
of the coil, if the current flows in a clock-
wise direction, the end nearer the observer
is a South pole. If the current is in an
anti-clockwise direction, the nearer end
is a North pole. This is illustrated in
Fig. 6.

Fig. 6.—THE N-S END RULE

(b) The gripping rule. If the coil is
gripped with the right hand and the
fingers are wrapped round the coil in the
direction of the current, the thumb will
point to the North pole of the solenoid

(Fig. 7).

14. Placing an iron core inside the solenoid
will increase the flux density as noted in
Para. 9. The iron also becomes magnetised
in the polarity shown in Fig. 7. When the
current is switched off, the magnetic field
associated with that current collapses. If
the core is made of soft iron or other similar
material, the core also loses its magnetism
almost immediately. This is the basis of
electromagnets.

= [1hE 9

Fig. 7—~THE GRIPPING RULE
RESTRICTED
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THE MAGNETIC CIRCUIT

The Magnetic Circuit '
15. The closed path formed by a line (or
lines) of flux is referred to as the magnetic
circuit. One of the simplest forms of
magnetic circuit is shown in Fig. 8, where
part of the magnetic circuit is in the iron and
part in the air gap.

FLUX LINES

Fig. 8.—A SIMPLE MAGNETIC CIRCUIT.

Magnetomotive Force (M.m.f.)

16. In an electric circuit, a current is
established due to the existence of an electro-
motive force (e.m.f.). In the same way, in
a magnetic circuit, a magnetic flux is estab-
lished due to the existence of a magneto-
motive force (m.m.f.); the m.m.f. is produced

by the current flowing in the coil and its

value is proportional to the current and to
the number of turns in the coil. Appro-
priately, the unit of m.m.f. is the ampere-

turn (AT). Thus, in Fig. 8 the m.m.f. is IN B

ampere-turns. v '

Magnetising Force or Field Strength

17. The magnetising force (symbol H) of a
magnetic circuit is a measure of the intensity
of the magnetic effects at any given point in
the magnetic ‘field. It is defined as the
m.m.f. per unit length and is measured in
ampere—turns per metre (AT/m).

. mm.f.
Magnetising force = fength
ie., H = I%‘f'(,yr/m)'_ @)

Permeability

18. If a coil of N turns has a current of .

I amps flowing through it the m.m.f. will

be IN (AT). If this coil is in free space, a
certain value of flux density B in Wb/m?2 may
be observed. On inserting an iron core the
value of B will increase. The ratio of
“flux density produced with the iron core”
to “ flux density produced in free space”
for the same applied m.m.f. is termed the
relative permeability (symbol 1,) of the iron.

_ B in a medium
- B in free space

(for the same m.m.f.) .. .. (3)
For air, p, may be taken as unity ; for

certain other materials it may be as high as
100,000. A

I

19. The ratio of “flux density, B” to
*“ magnetising force, H” at any point in
free space is termed the magnetic space
constant (or the permeability of free space) ;
it is represented by the symbol p,. The
value of this constant is 4 = x 107 m.k.s.
units. Thus :—

Po =‘%(in free space) = 4= x 107 (4)

20. From equation (4) :— .
B in free space = u, H
By substitution in equation (3) :—
__ B in a medium

Mr = ,U’o H
Thus, in any medium :(—
B

T_I=f‘r/‘o=477><10-7><:“'r=l"(5)
The symbol u = u, p, denotes the absolute
permeability of a medium. '

Reluctance

21. The reluctance of a magnetic circuit is
a criterion of the opposition of the circuit
to the .establishment of magnetic flux and
may be likened,; by analogy, to the resistance
of an electric circuit. -

'3\/\22. It waé shown in Section 1 that :—

R = pia(omns). ‘

‘Replacing resistivity C@ by specific con-
* ductance (o) :—

= 1 (Ohms)
aga ‘
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Similarly, reluctance S is given by :—

1 L at/wh).. .. ®)

S m— ==

pa prfon

Comparison of Electric and Magnetic
Circuits o »
23. By analogy, flux & in a magnetic
circuit is equivalent to current I in an electric
circuit, m.m.f. is equivalent to e.m.f, and
reluctance S to resistance R. Fig. 9 (a)

shows a simple electric circuit ; Fig. 9 (b)

a magnetic circuit.
From Ohm’s law :—

E
I = R (amps)
By analogy :—

m.m.f,
Flox = Reluctance

(Wb)
i.e.q>:“‘—“s?1:f' Wb) .. .. (7

I

FLUX-

4
RELUCTANCE, S

»

3
Fig. 9.—SIMPLE ELECTRIC AND MAGNETIC
CIRCUITS -

Relays

24. As shown in Fig 10, if an equipment is
switched on from a remote control point,
the heavy current taken by the equipment
will develop a considerable volts drop in the
connecting cable. The terminal p.d. V,; will
then be very much less than the supply
voltagg E. :

Tae MAGNETIC CIRCULT

—1_
- -
EQUIPMENT SUPPLY! E

REMOTE CONTROL
POINT

Fig. 10—REMOTE SWITCHING WITHOUT
A RELAY.

25. To prevent‘ this excessive volts drop,

-a relay can be used (Fig. 11). When the

equipment is switched on at the remote
control point, the relay becomes * energised >
and contact RL1 closes to connect the
supply to the equipment. There will be

very little volts drop in the connecting cable -

because :—
(@) There is only a short length of cable
between the supply and the equipment.

(b) The current taken by the relay is small.
Note. In radio equipments, relays are

annotated as, say RL2.

3 The numerator

gives the number of the relay in the-

equipment and the denominator gives the
number of contacts on the relay. The
relay contacts are then given as RIL2/1,
R12/2, and RL2/3.

A |
EQUIPMENT TsuppLy '
<o 1 l
RLD 0 |
~ ] :
=] |
|
| 1
1 1
! !
: '
1
' |
i oFF |
Lo @4
ON
REMOTE CONTROL
) POINT
Fig. 11.—REMOTE SWITCHING BY RELAY. .

26. - Fig. 12 shows the magnetic circuit of a
typical relay. It is seen that the flux path
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is mainly in iron so that the reluctance
of the circuit will be low. Thus, since
m.m.f. = flux X reluctance, the ampere—
turns required to produce the necessary
value of flux will be. small. When the
circuit is switched on, the field around the
solenoid rises and the resultant flux round the
magnetic circuit energises the relay. The
armature is attracted towards the core and
closes the relay contact. The circuit to the
equipment is then completed. The reverse
applies when the on-off switch is opened.

TO INSULATED RELAY CONTACTS

POSTS v
ARCUTS
‘ g o ADJUSTING
] ! % SCREW
v
7 A

| oFF )
-._./._.|),4I__J
oN t

UPPLY

Fig. 12.—TYPICAL MAGNETIC RELAY

The Magneto-striction Effect

27. The theory of magnetism shows that
each atom in a magnetic material acts as a
tiny electromagnet, the magnetism being
produced by the rotation of the electrons
around the nucleus of the atom at high
speed. The orbiting electrons may be re-
garded as forming current rings in the
material. When the material is not mag-
netised, the current rings are arranged in
small, self-contained, symmetrical groups,
and any such group has no influence on any

other. When the material is magnetised, the

current rings become distorted such that
their axes point, more or less, in the direction
of the magnetising force. In some materials
such as permanent magnets, the current
rings continue to have their axes distorted
even when the magnetising force is removed.

28. Some materials when magnetised, ex-
pand in a lengthwise direction due to the
distorted lengthwise axes of the current rings.
Conversely, if a bar of such material is
caused to expand and contract lengthwise, a
varying magnetic field is produced because
of the forced distortion of the current rings.
This is termed the magneto-strlctlon effect
of a material (most marked in nickel)—an
effect which is used in radio in such devices
as the underwater hydrophone.

MAGNETIC MATERIALS

Classification

29. Magnetic materials are used extensively
in radio for such applications as the cores of
transformers and coils, relay magnetic cir-
cuits, magnetic ampliﬁers, telephones, and
loudspeakers. An elementary knowledge of
the properties of such materials is required.

30. All materials are classified for magnetic
purposes under one of three headings :—

(a) Ferro-magnetic. These materials (e.g.
iron, nickel, and cobalt) have high values
of relative permeablhty ue. Since B =g,
pH, ferromagnetic materials have the
property of greatly increasing the flux
density B in a circuit for a given mag-
netising force H.

(b) Para-magnetic. These materials (e.g.
platinum and aluminium) are virtually
non-magnetic, having values of u, only
slightly greater than unity. Platinum, for
instance, has a relative permeability of
1-000017.

(¢) Dia-magnetic. ~These materials (e.g.
lead, copper, and bismuth) are virtually
non-magnetic, having values of p. only
slightly Jess than unity. Bismuth, for
instance, has a relative permeablhty of
0-99996.

B—H Curves

31. In the simple circuit shown in Fig. 13,
the current I amps through the coil of N
turns can be varied by means of a rheostat.
Thus, the m.m.f., given by IN (AT), can be
varied, and so can the magnetising force H
since :—

m.m.f.

H = T (AT/m)

FERRO=-MAGNETIC
MATERIAL

3

g RHEOSTAT

Fig. 13.—A SIMPLE MAGNETIC CIRCUIT
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Further, the flux density B can be varied
since :—
B = ,u,H (Wb/mz).

It is possible, therefore, with such a circuit
to plot a graph of the flux density B against
the magnetising force H ; such a graph is
termed a B—H curve for the material used.
For air, such a graph would be a straight line.

32. A B—H curve for a typical ferro=
magnetic material is shown in Fig. 14 :—

S Y Y heas
FLUX
DENSITY

8
(wa/M)

[ EISTRpRp

]

]

i

,

1}

1

. !

1

os !
v

1

t

*

!

1

o S0 100 150 200 250 300
) MAGNETISING FORCE H
' (AT/M)

Fig. 14—A TYPICAL B-H CURVE

(@) When the magnetising force H is
small there is very little flux density B.
According to the electron theory of
magnetism quite a large force is necessary
to cause the electron current rings to
distort their axes in the direction of the
applied force.

(b) When H reaches a certain value, the
axes of the current rings start to change
and very quickly align themselves according
to the polarity of the applied force. Thus,
B rises very quickly for small changes in H.

(¢) When the current rings have their
axes completely aligned with the applied

force the material has reached saturation ;-

the only increase now in B is that due to
H alone. ;

33. The ratio l-s—gives the absolute perme-

H
ability of a material. From this, the

relative permeability can be found from the

£ (see Para. 20).
'U,

0

relationship p, =

By making the necessary calculations at
three points A, B, and C in Fig. 14 it is seen
that the relative permeability of a material

THE MAGNETIC' CIRCUIT

is not a constant. It varies with the mag-
netising force H in the manner shown in
Fig. 15.

10000

P @

6000
4000~~~ - - -~ _-s__s-__---.'_

2000 ®

)
|
I
|
1
1
'
1
'
i
'

i

i
i
o 50 100 150 200
H (AT/M)
Fig. 15.—VARIATION OF RELATIVE PERMEABILITY

Hysteresis

34. Fig. 16 shows that if H is increased
from zero in a positive direction, B rises as
in a normal B—H curve along the points
OPQ. On reducing H to zero again, how-
ever, B does not follow its original path to
zero, but follows the path QR. Completing a
full cycle for H gives the loop for B as shown
by QRSTQ. Such a loop is known as a
hysteresis loop. The flux density B always
“lags behind” the magnetising force H
because of the inertia of the electron current
rings in the material.

+8

e

REMANENT
VALUE

-H +H

.
1
E
' ICOERCIVE
i FORCE
"

Fig. 16.—A TYPICAL HYSTERESIS LOOP.
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35. A negative value of H is necessary to
reduce B to zero. The actual value of H in
AT/m necessary for this is termed the
coercive force. If the material has first
reached saturation this value is termed the
coerc1v1ty of the material.

36. The value of B in Wb/m? remaining in

the material when H has reached zero is
termed the remanent value. If the material
has first reached saturation this value is
termed the remanence of the material.

37. Retentivity is a measure of the mag-
netism retained by a material over a long
It is not to be confused
with remanence since in some materials
remanence is quickly reduced to zero under

normal conditions. Retentivity is given
by :—
Coercwlty
Retentivity ==—————=-of the material.
Remanence

This relationship shows, for instance, that
'for a permanent magnet a material with a
high value of coercivity is required—i.e., the
force required to * remove » the magnetism
must be large.

A.C. Permeability

38. It was shown in Para. 33 that the
relative permeability p, of a material was
a function of the magnetising force H.
Where H is alternating as in a.c. circuits,

. the hysteresis loop for the material must be

used. The value of g, under these con-

ditions is indicated by ‘the slope of the-

hysteresis loop. If the line joining the tips
of the loop has a steep slope, the a.c.
relative permeability of the material will be
high. Further, the slope will decrease as
the magnitude of the a.c. input increases.

Hysteresis Loss

39. Energy is expended in a magnetic
material as the flux density B follows the
a.c. magnetisation in .a hysteresis  loop.
The axes of the current rings in the -material
have been caused to alternate and in so
domg, produce heat by friction in the
atomic structure of the material. Thus,
some of the original electrical energy suppbed
to the circuit has been converted into heat
energy ; this loss of energy from the circuit
is termed hysteresis loss.

40. The area enclosed by a hysteresis loop

is a measure. of the hysteresis loss of the

material ; the greater this area, the larger is
the loss. Thus, where hysteresis loss must
be kept to a minimum, a materjal with a
narrow hysteresis loop should be selected.
In addition, the loss increases with frequency
—i.e., the number of times the hysteresis
loop is traced out per second.

Factors Aﬁ'ectmg the Choice of

“Material

41. The choice of ferro-magnetic material
for any application in radio is determined
by several factors :—

(@) The relative permeability g,
material.

(b) The values of B and H at which the
material saturates.

(¢) The hysteresis loss as determined by
the hysteresis loop.

(d) The coercivity and remanence which
determine the retentivity of the material.

of the

Comparison of Typical Materials
42. The main characteristics of ferro-mag-

‘petic materials can be determined from

their hysteresis loops. The details of a
few materials are given below:—
(a) 359 Cobalt-iron
. (i) Very low value of p, (100).
(ii) Very high hysteresis loss.
(ifi) Very high retentivity : makes very
good permanent magnet material.
(b) Tungsten ~ STEEL
(i) Very low value of . (200)
(11) Very high hysteresis_loss.

WB/NI2 2

o - 5
MILD STEEL : o "/ tuncsten ~STEREL

35 9, COBALT -IRON
: S

+H
40000
00 Alim

~H

40000 / 10000
30000 1

~-Fig: - I7-—-HYSTERESIS LOOPS FOR MATERIALS
"0 (@), (), AND (9.
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(iii) High retentivity : makes good per-
manent magnet material.

(¢) Mild steel
(i) Low value of g, (1,000).

(i) High hysteresis loss.
(i) Low retentivity : seldom used.

(d) Soft iron
() High value of P (10 000).
(i) High hysteresis loss. _
(iii) Low retentivity : used in d.c.
circuits in relays.
(e) Stalloy
(i) High value of p. (15,000).
(i) Low hysteresis loss.
(iii) High saturation values of B and H':

used considerably in a.c. circuits.

I STAL Loy

i ]
] : -

i H *H
soo 1000 tspo 2000 AT/

- /

/
}/
2

~H

l
l
I
I
!
I

Fig. 18.—HYSTERESIS LOOPS FOR MATERIALS
(©)» (d), AND (e).

THE MacgnETic Cireulr

" (f) Permendur

(i) High value of . (40,000).
(i) Low hysteresis loss.

(ili) Low saturation values of B and
and H: d.c. magnetisation must
be kept small.

(2) Permalloy

(i) - High value of y. (100,000).
(i) Low hysteresis loss..

(iii)) Very low saturation values of B
and H : cannot be used in d.c. circuits.

'

Wemd
e e
i —— ——
,/ — ‘;L - 7
PERMENDUR __ / ! -
T 1 S )
i i
s H /
/ PERMALLOY
/ [ ] o I,
-H ., i i / +H
160 140 120 100 80 40 40 210 o] 4_0 0 80 IIOO no MOM’M
i i :
/ i o /
/ i [/
; [
/ i v s
/- i J ~
/ - 4
Lo e e = T -

S 4

s N

Fig. 19.—HYSTERESIS LOOPS FOR  MATERIALS

(@), (f), AND (g).

Note. The above graphs have been
sketched to different scales. To assist
in the comparison of the materials some
loops have been repeated in successive
graphs,
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ELECTROMAGNETIC INDUCTION

Introduction

1. Before such devices as the transformer
and the electric generator can be explained,
it is necessary to understand the principles
of electromagnetic induction. Two laws
state the theory of electromagnetic induction
very concisely :—

(a) Faraday’s law. When the magnetic

flux through a circuit is changing an

induced e.m.f. is set up in that circuit, and

its magnitude is proportional to the rate

of change of flux. :

(b) Lenz’s law. The direction of an

induced e.m.f. is such that its effect tends
to oppose the change producing it.

Verification of Faraday’s and Lenz’s

Laws :

2. Fig. 1 shows a coil connected to a
galvanometer : when a bar magnet is moved
up and down inside the coil, the following
observations can be made :—

GALVANOMETER

. Fig. l..—-TVERIFICATION OF FARADAY’'S LAW

(@) Relative motion between the field
(magnet) and the conductor (coil) is

" essential before an e.m.f. (indicated by a
deflection in the galvanometer) is induced
in the conductor. :

(b) The greater this relative motion, the
greater is the deflection in the galvanometer.
Thus, the rate at which the flux is changing
relative to.the conductor determines the
magnitude of the induced e.m.f.

(¢) A bar magnet with a stronger field
will give a larger induced e.m.f. for a
similar movement.”

(d) If the magnet is placed in a position
at right angles to the axis of the coil
- (Fig. 2), no e.m.f. will be induced when the
magnet is moved towards the coil, or
vice versa. The lines of flux are now
parallel with the turns in the coil so that
the conductor is not being * cut ” by the
flux lines. The conductor must cut, or
be cut by, lines of flux before an e.m.f, is
induced 'in the conductor:, '

MAGNET

Fig. 2.—ZERO FLUX LINKAGE.

3. The direction of the induced e.m.f. in a
conductor may be. obtained by applying

Lenz’s law. Fig. 3 shows a conductor in a

magnetic field. If this conductor is moved
§ o } :

Fig. 3.—CONDUCTOR MOVING IN A MAGNETIC
. ‘ FIELD. s v

downward through the field it is cutting’
lines of flux. From Faraday’s law, an e.m.f.
will be induced in the conductor, the magni-
tude of the e.m.f. depending on the rate at
which the conductor has been moved and
on the flux density of the field. From
Lenz’s law, the direction of the induced.
e.m.f. will be such that its effect will tend to
oppose that downward motion of the
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conductor producing it—i.e., it is a * back
eam.f.” Thus, the direction of the induced
e.m.f. will be such that it tends to move the
conductor upward. For this to happen, the
direction of the current 'in the conductor
must be “ out of paper ” (see Sect. 3).

. TEMDENCY TO MOYE UPWARDS |

HOvEMew
Souanos

l;ig. 4. —ILLUSTRATING LENZ’'S LAW.

4. The direction of the induced e.m.f. in a
conductor can be found directly by applying
Fleming’s RIGHT-hand rule :— '

“The thumb, the first finger, and the
middle finger of the right hand are held at
right angles relative to each other. With
the thuMb pointing in the direction in
which the conductor has been Moved, and
the First Finger in the direction of the
Field (N. to S) the mlddle finger will
indicate the direction in which current I would
flow in the conductor ; this, in turn, gives the
direction of the induced e.m.f.”

MOTION

N L

induced in the coil. The total e.m.f. is then
given by :—

do
E=——Na? (volts) .. .. .. (2)

Self-inductance

7. If the current in a conductor changes in
any way, the magnetic field associated with
that current will also change and, from
Faraday’s law, an e.m.f. will be induced in
the conductor. From Lenz’s law, the in-
duced e.m.f. will act in such a direction as to
oppose the cause of the induced e.m.f..
Thus, it will oppose any change in the value
of current in the circuit, whether the current
tends to increase or decrease.

8. Any circuit which has an e.m.f. induced
in it by a change of current through that
circuit possesses self-inductance (symbol L),
and has the property of opposing any change
of current in the circuit by virtue of the back
em.f. Any conductor possesses self-induc-
tance. In order to increase it, the conductor
is wound in the form of a coil to increase
the total induced back e.m.f. A conductor

THUMB.
MOTION

CURRENT (L)«

Fig. 5.~FLEMING’S RIGHT HAND RULE.

5. Both Faraday’s law and Lenz’s law can
be summarized by the expression :—

de

E= — 4 (volts) EREETEEE )
The minus sign indicates that E is a back
e.m.f.; @ is the flux in Webers; t is the time

in seconds ; and g—? is the change of flux

with respect to time.

6. If the conductor is wound in the form of
a coil with N turns, each turn will be cut by
the flux to give a contribution to the e.m.f.

wound in this manner in order to increase its
inductance, is termed an inductor and its
uses in radio are numerous.

9. The unit of inductance L is the henry
(symbol H). A circuit has an inductance
of one henry if a current in it, changing at
the rate of one ampere per second, induces
an e.m.f. of one volt across it.

10. In any given circuit, the ratio of the
induced e.m.f. to the rate of change of
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current in the circuit is the constant of self-
inductance, L henrys. Thus :—

dl = L (henrys)
dt

di
..E,=——La(volts) A €))

This expression shows that the magnitude
of the back em.f. is proportional to the
value of inductance and to the change of
current with respect to time.

Factors Affecting Self-inductance

11. Equations (2) and (3) each give the
e.m.f. induced in a coil in terms of different
factors. By equating these two expressions
and substituting for flux ® (see Chap. 1),
the inductance of a coil is shown to be:—

L = N2 ’—? (henrys) .. .. @

where N is the number of turns in the coil ;

- is the absolute permeability of the circuit ;
a'is -the cross sectional area of the coil ;
and 1 is the length of the coil. ‘

12. Inductors having values of inductance
ranging from a few micro-henrys to many
henrys are used in radio, the value being
determined by the factors given in equation
(4). In this connection it should be noted
that :—

(@) Doubling the turns will increase the
inductance four times. ,
(h) A core, of high permeability, inserted
inside the coil will greatly increase the
inductance.

Mutual Inductance

13.  If a change of current in one circuit
induces an e.m.f. in another circuit, the two
circuits possess mutual inductance (symbol
M). Consider two inductors L; and L,
connected as shown in Fig. 6. On closing
the switch, the current and associated
magnetic field around L, rise from zero.
During the time that the current is rising the
changing flux will produce a self-induced
em.f. in L;. In addition, some of this
changing flux will cut L, to produce a
mutually-induced e.m.f. in L,, as indicated by
a deflection in the galvanometer. As soon
as the current in L, has reached its final
steady value, the magnetic field will no longer
be changing, and both the self-induced
emf. in L, and the mutually-induced
em.f. in L, will fall to zero. E.m.f.s are

ELECTROMAGNETIC INDUCTION

induced only at the instants of opening and
closing the switch, i.e., when the current is

changing.
M
| é
ﬁi

g 3
Fig. 6.—MUTUAL INDUCTANCE.

L

SWITCH

(D)

2

14. If the connections to the coil L, are
reversed a reverse deflection will occur in
the galvanometer on closing the switch.
The direction of a mutually-induced e.m.f.
depends on the direction in which the two
coils are wound relative to each other.

15. If the coil L, is moved further away
from the coil L, the deflection in the galvano-
meter on opening or closing the switch will
be reduced. This indicates that fewer flux
lines are cutting L,, i.e., the flux linkage is
less. The magnitude of the mutually-induced
e.m.f. is, therefore, dependant on the degree
of coupling between the two coils.

16. If the coils L, and L, are placed with
their axes at right angles to each other, as
shown in Fig. 7, no em.f. will be induced

“in L, ; the flux lines from L, will no longer

be cutting L,. This arrangement of coils is
sometimes used in practice where it is
necessary to prevent an e.m.f. being induced
in one circuit from another.

SWITCH l E

Fig.7—ZERO FLUX LINKAGE.

17. The unit of mutual inductance is the
henry (H). Two circuits have a mutual
inductance of one henry if a current in one
circuit, changing at the rate of one ampere
per second, induces an e.m.f. of one volt in
the other circuit.
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18. With two given circuits, the ratio of the
mutually-induced e.m.f. in one circuit to the
rate of change of current in the other circuit
is the constant of mutual inductance. Thus:—

¢ LB ‘
A\ - 9L = M (henrys)”
dt A
dr, ,,
§\® | E2=iMd—tl Coee e (5)

The + ” sign indicates that the induced
e.m.f. can be in either direction in accordance
with para. 14.

Factors Affecting Mutual Inductance

19. By taking into-consideration the factors
mentioned in Paras. 14 and 15, equations (2)
and (5) can be resolved to give an expression
for the mutual inductance of two circuits.
Thus —

M = + k NN, ’il"i‘ (henrys) .. (6)

where k is a constant, N; and N, are the

number of turns in each coil, p is the
absolute permeability of the circuit, a the

-mean cross-sectiqnal area, and 1 the length.

20. Circuits having values of mutual in-
ductance ranging from a few micro-henrys
to many henrys are used in practice in radio.

Inductors in Series

21. Fig. 8 shows three coils of self-induct- -

ance L,, L,, and L, connected in series such
that the same current I flows through each

coil. The e.m.f. induced in each coil is
e = —L %!t—and will be the same only if the

inductance values are equal. For inductors
connected in series, the total inductance
is the sum of the individual self-inductances—

L =L, +Ly+Ls+ (henrys) .. .. (D)

L, L R &%

0L

.....--._.
SO

[

Fig. 8.—INDUCTORS IN SERIES.

Fig. 10.—SERIES

" RESTRICTED

Inductors in Parallel

22. Fig. 9 shows three coils of self-induct-
ance L;, L,, and L, connected in parallel
across an e.am.f. E volts such that currents
I, 1, and I; flow through each. For
inductors connected in parallel, the reciprocal
of the total inductance equals the sum of the
reciprocals of the individual inductances:—

1 1 1 1 .
=Lttt ®
Lt T
2000 ——
L2 h=
, L3 Ia

- 3
Fig. 9.—INDUCTORS IN PARALLEL.

Inductors in Series with Mutual
Inductance between them

23. Consider two coils of self-inductance
L, and L, connected in series across a supply
as shown in Fig. 10. A certain mutual
inductance M exists between the two coils.
Thus, when the current changes, the total
e.m.f. induced in L; will be the sum of its
self-induced e.m.f. and the mutually-induced
em.f. from L, The total em.f. induced
in L, can be calculated in a similar manner.
The expressions so obtained can then be
resolved to give the total inductance of the
circuit :—

Lr=L; +L,*2M (henrys) .. .. (9)

The mutual inductance can be either “series

“aiding” or “series opposing’”’ depending on

which way the coils are wound relative to
each other. ‘
" For series aiding :— _
I/r = Ll + L2 +2M (henrys)
For series opposing :—
© Lp = L; + L; — 2M (henrys)

LYy

L

~00000-
Lt

-t M ——p-

«t £ -

INDUCTORS  WITH MUTUAL
INDUCTANCE. )

RESTRICTED



RESTRICTED

Energy Stored in a Magnetic Field

24. In an electric circuit, energy is being
expended all the time current is flowing.
In a magnetic circuit, energy is expended
only in creating the magnetic field. Once
the field has been established no further
energy is required to maintain it. The
original energy expended is stored in the

ELECTROMAGNETIC INDUCTION

magnetic field in the form of flux and is
returned to the source when the field col-
lapses. For purposes of calculation, the
energy stored in the magnetic field of a coil
is :— - :

W = 1 LI% (joules) .. .. .. (10
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‘ - INDUCTIVE CIRCUITS

Introduction

1. A coil, as well as having a certain value
of inductance L henrys must also have a
certain value of resistance R ohms. Fig. 1
shows such a coil (where L and R are shown
separately) connected to a supply of e.m.f.
E volts, via a switch.

3 R
Q000 ———ere—————— AV~

~. : e

SWITCH |

Fig. I.—SIMPLE INDUCTIVE CIRCUIT.

E—— 141 (14 M VAV VAV T
100 ¥ -on
)
N __Eq]oov
N ' ]
Fig. 2—EXPERIMENTAL STUDY, GROWTH OF

CURRENT.

4. Readings of the current i passing through
M, are taken at intervals of 10 seconds after
the closing of the switch. A typical set of
readings is given in Table 1, and from these
readings the graph of Fig. 3 is plotted.

’ Time from start (sec)

0’10’20"30 40 50 60{

. ‘Current (amps)

0 |6-321865]9:51|9-8219-93]9-97 |

TABLE 1

2. 'When the switch is closed, the battery will
try to pass a current I = % amps round the
circuit. However, as soon as the current
commences to rise, a back e.m.f. is developed
across the coil ; from Lenz’s law this e.m.f.
will oppose the original rise in the current,
-s0 that the initial rate of change of current
is “ slowed up 7. The current will continue
to rise but at a lower rate of change, and the
back e.m.f. will also decrease. This process
continues-—the current gradually rising to its

. E
maximum value of I = w—amps at a pro-

R
gressively lower rate of change, i.e., it is an
exponential tise. The back ~em.f. falls
exponentially towards zero, reaching this
value when the current has reached its
maximum steady value.

Experimental Study of the Growth of
Current in an Inductor

3. The facts stated in Para. 2 can be verified
by means of a simple experiment. In the

circuit of Fig. 2, R = 100, L = 100H,

and E = 100V ; M, is an instrument for
measuring the current in amps; and a
stop-watch is required to give accurate
measurement of time in seconds.

[¢]

-

CURRENT
AMPS.

- N W b o NP o

o

o 20 30 40 SO 60
TIME (SECS) ‘

Fig. 3.—VARIATION OF i D.URING GROWTH,

5. The experiment could be repeated with
different values of L and R. It would be
found that with a smaller value.of L, the
current would rise more rapidly. This is
to be expected since the back e.m.f. would

_be.smaller. A similar result would be seen

with a larger value of R. ’I_‘he ratio of

Il%' is what really determines. the rate of

growth of the current in the circuit.
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6. It is found that whatever the actual
values of L and R in such an experiment,

the ratio flz—equals the time in seconds for the
current in the circuit to rise to 63-2%

of its maximum value % In the circuit of

pig g L 100

Fig. 2.8 =70

seconds from the start the current rose to

6-32 amps ; this is 63-29 of its maximum
100

E N . .
value R= 10 — 10 amps. This quantity

= 10 seconds. Thus, in 10

%is termed the time constant of the circuit

and is defined in full in Para. 16.

General Case of the Growth of
Current in an Inductor

7. Paras. 3 to 6 have dealt with a particular
circuit. In the general case, for purposes of
accurate calculation, the current in the
circuit at any instant t after closing the
switch is given by :—

i=I(0—c¢ LY (@mps) ... .. (1)
where, i = the current at any instant.
I = the final current = f%

¢ = Napierian log base = 2-718
R = the resistance in ohms.
'L = the inductance in henrys.
t

= time in seconds after closing
the switch.

8. (a) From Ohm’s law, the p.d. developed

across R at any instant after closing the
switch is :—

Ve =iR(volts) .. .. .. .. (2

(b) From Kirchhoff’s second law, the sum

of the p.d.s across R and across L must

at every instant after closing the switch

equal the applied e.m.f. E volts.
e VR + VL = E
o VL = E — VR (VOltS) . .o (3)

9. A graph can be plotted showing the
variation in i, Vg, or V. with respect to the
time t after closing the switch. This can be
' obtained in two ways :—

(a) Repeat the experiment of Paras. 3 to 6.
Having obtained the values for i, the
corresponding values for Vg and Vi
follow from equations (2) and (3) respect-
ively.

(b) The value of I= ER-amps is calculated
and inserted in equation (1), together with
the values for R and L. Various instants
of time t seconds are inserted in equation
(1) and the current i at these instants is
evaluated. Having obtained the values
for i, the corresponding values for Vx and
V. follow from equations (2) and (3)
respectively.

10. In either case, three instants of time are

sufficient for most purposes :—

. (@) At the instant of closing the switch
(t = o).

T =0 VR:0 VL———E

(b) Att = %seconds after closing the switch

i=06321 : Vg =0-632E : V;, = 0:368E
(o Att=51‘~

R seconds after closing the switch
i=1

Vg = E Vi= 0O

11. These three instants of time are used to
plot the graph showing the exponential rise
in the current / in the circuit against the time
t in seconds after closing the switch (Fig. 4).
The graph for Vg will rise in a manner
similar to that for i ; that for V; will fall to
zero as i rises to its maximum value.

1 1

¥ 1

t [

I$~----- e e s

" )

f V! '
CURRENT o i
AMPS. N \
E3 A H vV !
0-6321f---f- * (on's) E
i 1

1 ]

' t

‘ :

: .

1

E :

i ]

-t \

o H !
O % %% 3% 4% sS4

—r
TIME (secs).

Fig. 4—GROWTH OF CURRENT.
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Decay of Current in an Inductive
Circuit ‘
12. Consider the circuit shown in Fig. 5.

L R
0000~ AAA A A ey

SWITCH /
OFF

ON[

£
o

Fig. 5.—SIMPLE INDUCTIVE CIRCUIT, DECAY OF
CURRENT.

With the circuit switched on, the current in
the coil will rise exponentially towards its

maximum value I = %amps, reaching this

value in a time of approximately 5 %seconds

after closing the switch. Assume maximum
current to be now established in the coil ;
since it is a steady current, the back e.m.f.
across the coil will have fallen to zero and the

p.d. across the resistance will equal the

supply em.f. If the circuit is switched off
under these conditions, the coil is shunted by
the resistance, and the current will tend to
fall to zero. It cannot do so instantly,
however, because as soon as the current
starts to fall a back e.m.f. is produced across
the coil ; this back e.m.f. will endeavour to
maintain the current in the circuit. Thus,
in the same way that the current in an
inductive circuit rises in an exponential
manner, so it will now fall or decay. The
curve of the decay of current can be obtained
from an experiment similar- to the one
described in Paras. 3 to 6. A stop-watch
is started at the instant of disconnecting the
supply and readings of the current i taken at
regular intervals of time. From a set of
such readings the required graph can be
plotted.

13. (@) For purpose of accurate calculation
the current in the circuit at any instant t
after opening the switch and allowing the
current to decay is given by :—

i =Le-Zt(amps) .. .. .. (4

where all the terms have the same signifi-
cance as in equation (1)

Inpuctive Circurrs

(b) From Ohm’s law, the p.d. developed
across R at any instant after opening the
switch is :— ’

Ve =iR(volts) .. .. .. .. (5
(¢) From Kirchhoff’s second law, the sum
of the p.d.s across R ‘and across L must 4t
any instant equal the e.m.f. acting in the
circuit. If the supply is disconnected,
the e.m.f. is zero. Thus :(— .

VR + VL = O

o Vp=-Vg(volts) .. .. .. (6)

14. A graph can be plotted showing the
variation in i, Vg, or Vi with respect to the
time t seconds after disconnecting the supply.
Either of the two methods described in Para. 9
can be used to obtain such a graph, and again
three instants of time are significant :—

(a) At the instant of discomnecting the

supply (t = o). :

i=1 : Vg=E : V,=_—FE

b) At ¢t = I—Iiseconds after disconnecting

the supply.

i =0-368I : Vg =0-368E : V., = —0-368E
() att =5 {R;seconds after disconnecting
the supply.
i=0 : Vg=0 Vo= O

15. These three instants of time are used to
b

CURRENT
AMPS.

03681
OR
O-368E

-7 TIME (secs)

~0-368E{--—~--¢f

Pd. 4

voLTs T -

Fig. 6.—DECAY OF CURRENT.
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plot the graph showing the variations in i,
Vg and V, with respect to the time t seconds
after disconnecting the supply (Fig. 6).

Time Constant

16. The time t =‘%—seconds is termed the

time constant of an inductive circuit and has
been referred to in Paras. 6. It is defined as
follows :—
The time constant t = %—is the time taken
for the current in an inductive circuit to
rise to 63-2%, (approximately two-thirds)
of its maximum value when connected to a
supply, or to fall by 63-2%, of its maximum
value when disconnected from a supply.
Alternately, it is the time taken for the
current to reach its maximum value in the
first case, or to fall to zero in the other,
- provided the initial rate of change of current
is maintained.
(The latter is shown in the graphs although it
cannot apply in practice).

17. In theory, the current in an inductor
would take an infinitely long time to reach
its maximum value or to fall to zero. How-

ever, after a time of 5 %seconds the growth or

- decay is so nearly complete as to be consider- -

Practical Example

18. In the circuit shown in Fig. 7, L = 1H,
R = 10 Q, and E = 10V. The circuit is
switched on for one second and then switched
off. It 'is required to sketch a graph
to indicate how the current in the circuit
varies with time.

IH 10n
— Q00— AMAA—————
L , R
~_ e
SWITCH 4|

Fig. 7.—EXAMPLE.

19. (a) The time constant t — === 0-1
second.

~ _E_10_
(b) The maximum current I = R=10 =

ed so for practical purposes. 1 amp.
Time (Seconds) 0 L =01 5L=205
R R:
Growth of current i (amps) 0 +0-632 ‘ 1
Decay of current i (amps) 1 0-368 0

(after 1 sec.)

'

CURRENT '
AMPS. 1
1
0-632{- H
i 1
! '
osseil-t---=— L mw
1 H !
1 ! [
i i v
i : vy
" L [} i x.
o1 2] i s 2
o i TIME(secs)
o1 ol _—

Fig. 8.—~GROWTH AND DECAY OF CURRENT.

(¢) The current at the relevent instants of
time is given in the table.

(d) The graph of the growth and decay
of the current is shown in Fig. 8. The
graph of the p.d.s across R and across L
could be obtained from equations (2) and
(3) during growth, and from equations (5)
and (6) during decay.
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Square Waves Applied to an Inductive
Circuit
20. Although the effect of switching a coil

across a d.c. supply is important, in some

radio equipments it is more important to
consider the effect of applying a square
wave of voltage. One simple method of
producing such a square wave would be
merely to switch the circuit shown in Fig. 9

L R
— 0000 —————VWWV—
OFF
N _1]E
ON  switcH '
f mmm——
ON ON
VOUTS | g — — t —>]
} OFF OFF

RE WAVES APPLIED TO AN IN-
DUCTIVE CIRCUIT.

Fig. 9.—SQUA
on and off alternately for definite periods of
time. If the periods of time for which the
circuit is switched on and off are equal, a
symmetrical square wave of voltage is

InpucTivE CIRCUITS

produced, as shown. The practical methods
for producing square waves are fully dealt
with in Part 3.

21. Provided the periods of time for which
the supply is switched on and off are long in
relation to the time constant of the circuit,
the current in the coil will rise and decay
exponentially as explained in Para. 19 and as
shown in Fig. 9. The corresponding vari-
ations in the p.d.s across R and across L are
as shown in Fig. 10.

M (SECS)
e

Fig. 10.—VARIATION IN VR AND Vi WITH TIME
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CONSTRUCTION OF INDUCTORS

Introduction

1. Inductors have a wide application in
radio ; they vary in size and value from large
iron-cored inductors for use at low fre-
quencies to very small inductors for use at the
higher frequencies. This Chapter gives an
outline of the basic construction of such
inductors.

Eddy Currents

2. Consider a coil wound over an iron core.
When the current in:the coil changes, the
magnetic flux linking with the iron core
changes, and (according to Faraday’s law)
an e.m.f, is induced in the core as well as in
the coil. Such an induced e.m.f. in the core
gives rise to circulating currents—these
currents being termed eddy currents.

3. The direction of the flow of eddy currents
in the core will be given by Fleming’s right-
hand rule, the effective * motion> of the
core being the reverse of the direction in
~ which the field is moving. In Fig. 1, the
current in the coil is assumed to be increasing
and the field is moving outwards. Thus,
the effective *“ motion * of the core is inwards.
Applying Fleming’s right-hand rule to the
core shows that the eddy currents, at this
instant, are circulating m the manner in-
dlcated If the current in the coil is now
decreased, the field tends to collapse inwards
and the eddy currents’ will circulate in . the
reverse direction.

FIELD INCREASING

- ~

- ~
- ~
Ve N
/ N
A

/. EFFECTIVE MOTION OF \ CIRCULATING
N ' CORE ' EDDY CURRENT‘

EHE=NCS

Vo r N

. \
SWITCH E

Fig. I.—EDDY CURRENTS.

4. Eddy currents in the core of a coil have
several effects, the two most important
being :—

(a) The core becomes hot, and the con-

version of electrical energy into heat energy

constitutes an energy loss termed eddy

current loss. (This is in addition to any

hysteresis loss in the core as discussed in
- Chapter 1).

(b) The eddy currents produce a flux of
_their own and, since this will be in opposi-
~ tion to the main flux, a reduction in the
main flux results.

5. In order to reduce the effects of eddy
currents it is usual to “ laminate > the core.
The core is cut up into very thin slices or
laminations ; each lamination is insulated
from the next by a thin film of shellac or
other insulator. The path to the flow of
eddy currents is thus broken up and the
increase in resistance reduces the eddy
currents. The thinner the laminations, the
smaller is the loss from eddy currents. For
the laminations to be effective, they must be
in the correct direction relative to the field
and-to the eddy currents as shown in Fig. 2.

DIRF.'CTION OF FIELD —

/ \
< . \\ DIRECTION OF
N 7 \ EDDY CURRENTS

’ . -

T
Lyt

+

'

1

!

|

¥

1
o
SIDE_VIEW :
1

!

|

1

|

1

]

END VIEW

FIELD

$ EDDY CURRENTS

PLAN VIEW

Fig. 2—LAMINATIONS.

Iron-cored Inductors

6. It was shown in Chapter 2 that ‘the
self-inductance of a coil is given by :—

L= NZ"“Ta (henrys)
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Thus, where a large value of inductance is
required, the coil will :—

(@) consist of a large number of turns ;
(b) be wound over an iron core ;
(c) have a high ratio of area to length.

7. Normally the coil will consist of several
layers of good quality copper wire, covered

by a cotton braiding or by an enamel coating,

wound on an iron core which is laminated to
reduce eddy current losses. - The core will be
constructed from a magnetic material, such
as Stalloy, which gives a low hysteresis loss.

8. Such coils will give values of inductance
up to 100 henrys, and are used to provide
effective opposition to slow changes in the
current flowing through them—i.e., they are
used at low frequencies omnly, as audio
frequency (A.F.) chokes and smoothing
chokes. Where a high d.c. value of current
is also present, the magnetic circuit will have
an air gap to prevent magnetic saturation.

9. Laminated iron cores can be used to
increase the inductance of a coil only up to
frequencies of the order of 20 k¢/s. Above
this frequency, the high eddy current and
hysteresis losses prohibit their use. Above
20 kc/s, iron-dust cores can be used. - These
are cores in which the iron has been
reduced to a very fine dust, mixed with an
insulating mica binder, and compressed to
form a solid mass. The result is an extremely
fine * laminated * core which gives low eddy
current losses up to very high frequencies
of the order of 60 Mcfs. Above this fre-
quency, the eddy current loss again becomes
excessive and air-cored coils are used.

Radio Frequency Chokes

10. Radio frequency (R.F.) chokes are

used to provide effective opposition to
rapid changes in the current flowing in them—
i.e., they are used at high frequencies.
Values of inductance from a few micro-
henrys to 100 milli-henrys may be required.
Air-cored coils are normally used for this.
Since the value of inductance depends on
the number of turns, the smaller inductors
will use a single layer winding for the higher
radio frequencies, and the larger inductors
multi-layer windings for the lower radio
frequencies. Various methods of winding
are used.

(a) Single layer. The coil, of good quality
copper wire, is wound on a bakelite or
other insulated former, with a considerable
spacing between the turns. This gives
inductance values up to 100 micro-henrys.

0 6 6 .60 6 6 O

FORMER

O 66 6 © 66 o O
Fig. 3.—SINGLE LAYER COIL

(b) Simple multi-layer. As shown in Fig.
4, the layers are wound one on top of the
other on a bakelite former. Each turn is
insulated from the next by a cotton brading
or by an enamel coating on the conductor.
This method of winding has the disadvan-
tage that turns near each other in adjacent
layers (say, 1 and 17) have a high p.d.
existing between them ; this may give rise
to losses through leakage (capacitive)
currents (see Sect. 4). This type of

- winding gives inductance values up to.

100 milli-henrys, but losses are high.

o6005e 0 0 6 %
OMOMONMONMOMOMONMOMO]

FORMER

Fig. 4—SIMPLE MULTI-LAYER COIL.

(¢) Bank winding. This is a multi-layer
coil of low loss (Fig. 5). It is wound such
that turns near each other in adjacent
layers are also near each other in potential.
The losses through leakage are then small.

) ® ®
O %% %
(OMONMONMOMOMO) ® @ 6

FORMER

Fig. 5.—BANK-WOUND COIL.
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(d) Honeycomb or wave winding, In this
type of multi-layer coil, only a few turns
are wound per layer, and the winding is
formed in much the same way as a ball of
string. The resultant coil is waxed to
make it rigid and self-supporting. The
p.d. between adjacent turns is small and
the losses through leakage are reduced
to a minimum to give a low-loss inductor.

PLAN VIEW

Fig. 6 —HONEYCOMB WINDING.

SIDE VIEW

(e) Pie-winding. This coil consists of a
number of honeycomb windings, all con-
nected in series, and spaced as shown in
Fig. 7. The losses through leakage are
small, and the result is a low-loss inductor
of inductance values up to 100 milli-henrys.

Tuned Circuit Coils

11. These are radio frequency coils used in
conjunction with a capacitor to form a tuned
circuit (see Sect. 5). At the higher radio
frequencies, small values of inductance are
required and a single layer coil will be used ;
at the lower frequencies a multi-layer bank-
wound coil is normal.

12. It is often necessary to be able to vary

the inductance in a tuned circuit. This can

be done in two ways :— :
(a) By ‘““tapping off ” the value of in-
ductance required as shown in Fig. 8(a).
(b) By using a variable iron-dust core
inside the coil as in Fig. 8(). When the

CONSTRUCTION OF INDUCTORS

core is fully “in », the inductance will be
a maximum, and vice versa. '

ADJUSTABLE SCREW

VARIABLE
CORE

COiL

1
VARIABLE col

TO
THE
CIRCUIT

(@) ; )
Fig. 8.—VARIATION OF INDUCTANCE.

Skin Effect’

13. When a conductor is carrying a direct
current, the current is distributed evenly
throughout the cross section of the conductor;
the magnetic field associated with this
current is as shown in Fig. 9. If the current
in the conductor is alternating, the changing
magnetic field will induce a back e.m.f. in
the conductor such as to oppose the change
in current. Since all the flux lines build up
from, and collapse into, the centre of the
conductor, the back e.m.f. will be greatest
at the centre. The result is that the current
tends to flow nearer the surface of the

conductor. This is termed skin effect.
N
L
) V)
’/
/
H
OR
B
DISTANCE.
Fig. 9.—CONDUCTOR CARRYING A DIRECT

CURRENT.
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14. Skin effect becomes more  pronounced
as the frequency increases because of the
increased rate of change of flux. Further,
since the effective cross-sectional area of the
conductor has been reduced by skin effect,
the  resistance of the conductor increases

: 1
with frequency (since R = S ).

ELECTRON

DENSITY /1~LOW FREQUENCY
A.C.

—HIGH FREQUENCY
AC

RADIAL
DISTANCE

Fig. 10.—SKIN EFFECT.

15. To reduce the high frequéncy (H.F)

resistance of a conductor, two methods. are
used — :

(a) A special wire, known as “Litzendraht”

or “Litz wire” can be employed. This is:

made up of a number of small diameter,

- enamelled strands joined in parallel at
each end. The strands. are thoroughly:
interwoven so that each strand will, on
the average, link with the same number of
flux lines as every other strand. Thus,
the current divides evenly among the
strands ; the effective cross-sectional area
is increased and the H.F. resistance
decreased. This wire is useful only up to
frequencies of 3 Mc/s. Above this, certain
leakage effects between the strands give
excessive losses.

(b) Tubular copper conductors, which
have been silver-plated, can be used. . The
resistivity at the skin is, therefore, reduced
and since the electron density is greatest
in this region, a reduction in the H.F.
" resistance results. This method is popular
in self-supporting inductors for use at high
frequencies. . '

Proximity Effect ‘

16. When two or more adjacent conductors
are carrying current, the current distribution
in any one conductor is affected by the
magnetic flux produced in adjacent con-
ductors as well as by its own flux. This
proximity effect is merely an increased case
of skin effect and increases the H.F. resistance
of inductors used at radio frequencies.
Increasing the spacing between turns. will
reduce proximity effect. Note that maxi-
mum current flows in any conductor where

- it is linked by minimum flux.

MAGNETIC FIELDS ELECTRON DENSITY

COIL FORMER

Fig. 1I.—PROXIMITY EFFECT.

Non-inductive windings

17. In Sect. 1, Chap. 3 it was noted that
wire-wound resistors, being wound in the
form of a coil, had inductance as well as
resistance. To obtain a pure resistance,
the length of insulated wire to be used in
the resistor winding is first doubled back
on itself and then wound on a former. The
current -in adjacent turns is flowing in
opposite directions so that the magnetic
fields around these turns effectively neutralize
each other, and the self-inductance becomes
negligible. B ‘

/). N /=, N

Fig. 12—A NON-INDUCTIVE WINDING.

Summary

18. Table 1 summarizes the main points
on the inductors discussed in this Chapter.
Fig. 13 shows a selection of the various types
of inductors used in radio. '
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~agpemrm—emssr—— |RON - CORED INDUCTORS

Smoothing Choke A.F. Chokes

R.F. CHOKES

L.F.and M.F.

206

i

H.F. H.F. V.H.E

Fig. 13.—TYPICAL INDUCTORS USED IN RADIO.
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circuit coils

As for R.F. choke

——

Type Frequency Inductance Winding Core
Smoothing Power fre- 1H to 100H | Multi-layer Laminated iron or stalloy
choke quencies, with air gap

e.g., 50 c/s
AF. 20 ¢/s to 0-1H to 100H | Multi-layer Laminated iron or stalloy
choke 20 kc/s with air gap
R.F. L.F. and M.F.| 100.H to Multi-layer Air or iron-dust core
choke 100mH
H.F. 50uH to Single layer Air
100.H
V.H.F. 0-25xH to Single layer Air
50.H
Tuned ' Normally iron-dust or

other core, variable for
tuning purposes

TABLE 1—INDUCTORS USED IN RADIO
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PART 1, SECTION 1, CHAPTER 1
ELECTRIC CURRENT, E.M.F. AND P.D.

FUNDAMENTAL UNITS

Introduction

1. Both electrical and radio engineering are
based upon the same fundamental principles,
and for a sound knowledge of the techniques
of radio it is essential to have an under-
standing of these principles. Electricity may
be used to make things move, to generate
heat and light, to set the diaphragm of a
telephone vibrating as a source of sound,
and in many chemical manufacturing pro-
cesses. The study of electricity is thus
closely linked with that of a number of other
branches of engineering and, as a result,
many electrical units are defined in terms of
mechanical units. It is, therefore, necessary
to know something of fundamental mech-
anical terms like “force”, ““power”, and
“energy” before their use in electrical and
radio engineering can be appreciated.

Definitions

2. Force is any push or pull which alters or
tends to alter the state of a body, whether
of rest or of uniform motion in a straight
line. The practical interpretation of this
definition is that the application of force to
a body will change or tend to change its
velocity (or speed) in some way. If the
body is at rest and free to move it will do so ;
if moving in a straight line at a constant

- speed it will be deflected or alter its speed.

When the velocity of a body is increasing
the body is said to undergo acceleration and
this is measured by the rate at which the
velocity is changing.

3. When a force moves the body to which
it is applied, work is done, the amount of
work being equal to the product (force X
distance moved in the direction of the force).
Thus, in lifting a pencil work is done by the
person on the pencil. This can be accom-
plished quickly or otherwise, and the rate of
doing work is termed power.

4. Any body which has the ability to do
work possesses energy. When work is done
by one body on another, energy is trans-
ferred from the one to the other. In lifting
a pencil energy is transferred from the person
to the pencil. While held above the table,
the pencil has potential energy which can be

regarded as work stored for future use.
When the pencil is allowed to fall the poten-
tial energy is converted to kinetic energy or
energy of motion. Energy exists in various
forms, and although it can be converted
from one form to another, it cannot be
created or destroyed.

Units ,

5. The units in which the above quantities
are measured depend on the fundamental
units used for length, mass, and time. In
accordance with modern practice in radio
the unit of length is the metre (m) ; that of
mass, the kilogramme (kg); and that of
time, the second (sec.) Measurement of -
quantities derived from these are said to be
made in metre-kilogramme-second (m.k.s.)
units.

6. (a) Velocity or speed is measured in
metres per second (m/sec.)

(b) If the velocity of a body is increasing
at the rate of one metre per second every
second, the acceleration is one metre per
second per second (m/sec?).

(¢) The unit of force is the newton. One
newton is that force which gives one
kilogramme mass an acceleration of one
metre per second per second.

(d) The unit of work is the joule (J).

One joule-is the work done when a force .
of one newton acts through a distance of

one metre.

(¢) The unit of energy is the same as that
of ‘work—the joule (J). When one joule
of work is done by one body on another,
one joule of energy is transferred from the
one to another.

(f) The unit of power is the watt (W).
One watt is the power developed when
work is done at the rate of one joule per
second.

ELECTRIC CURRENT

Structure of Matter

7. The study of eleetricity has grown up
during the past two hundred years, keeping
pace with the growth of knowledge of
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chemistry and of the nature of the substances
(called matter) found in the world. It

should be realized that chemical actions and
electrical effects both happen because matter
is made up in a certain way, and to under-
stand what is meant by ““ an electric current”
it is necessary to have an elementary know-
ledge of the atomic structure of matter.

8. (@) Matter is defined as anything which
occupies space and is acted upon by
gravitational forces ; it can exist in three
states—solid, liquid, or gaseous.

(&) All matter is constructed from mole-
. cules—the smallest particles into which a

- ‘substance may be divided while still
retaining the chemical properties of the
substance.

|  watTer |
H |
4 ]

oot - oo ==

! QQLE&UEE ] i MOLECULE |
l MOLECULE |
i i
repdeon
. ATOM i ATOM '

[PROTON ] [[NEUTRON] [ELECTRON]

FIG. | — THE CONSTRUCTION OF MATTER

(¢) Molecules are made up of atoms—the
smallest particles of matter which can
enter into chemical combination or which

.are obtainable by chemical separation,
e.g., two hydrogen atoms and one oxygen
combine to form a molecule of water.

(d) An element is a substance whose
molecules are made up of the same kinds
of atoms, e.g., iron, copper, and nickel.

(¢) A compound is a substance whose
molecules are made up of different kinds
of atoms, e.g., water, salt, and lime.

Atomic Structure

9. An atom in any material contains three
fundamental particles in close association:—

(a) Proton. The elementary particle of
positive electricity or charge.

(b) Electron. The elementary particle of
negative electricity ; its charge is equal
and opposite to that on a proton.

(¢) Neutron. A particle having mass
- approximately equal to that of a proton
but having zero electric charge.

10. The protons and neutrons, comprising
almost all the mass of the atom, are confined
to the central core or nucleus of the atom;
the electrons rotate at high speed in orbits
of various sizes around the nucleus, like the
planets round the sun.

11. The number of planetary electrons in

an atom varies with the element and gives

the atomic number of the element. The
atomic number of hydrogen is 1, indicating‘
that it has one electron ; that of uranium is
92. At the present day the number of
known elements (and hence, of different
kinds of atoms) is 98, although research
indicates that this may well be extended.

" Table 1 gives a short list of some of the

better-known elements.

Atomic ' Atomic
Number Element | Symbol Number Element | Symbol
1 .| Hydrogen - H 33 Arsenic As
-6 . Carbon C 47 Silver Ag
8 Oxygen o 50 | Tin Sn
13 Aluminium Al 74 Tungsten W
26 - |Iron - Fe 79 Gold Au
28 Nickel Ni 82 Lead Pb
29 Copper Cu 92 Uranium | U
' |

TABLE |. SOME WELL-KNOWN ELEMENTS
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12. An atom, under normal conditions,.is
electrically neutral. The numbers of elec-

trons and protons are equal, and since the
negative charge on an electron is neutralized
by the equal positive charge on a proton, the
atom as a whole has zero charge. The'
neutron increases the mass of the atom’

w1thout contributing to the charge. Fig. 2

gives a simple idea of the construction of &

hydrogen atom and of a lithiurh atom
(atomic number 3).

-, NUCLEUS CONTAINING

-

Vi | PROTON ONLY

1 ORBITTING, /
ELECTRON = i
N’

* HYDROGEN ATOM

‘\.—\

-9 7 3 PROTONS
3 ORBITTING M / 3NEUTRONS
ELECTRONS = ¢ N ,/\

~ _\(LI

-@_

LITHIUM ATOM
Fig. 2—THE ATOMIC STRUCTURE

L=CN . NUCLEUS commmc '

Ionisation

13. Normally, the electron orbits are main-
tained by attractive forces between . the
negative charge on the electron and. the
positive : charge in the nucleus. However,
under certain conditions, one or more of the
planetary electrons in the outer orbits can
be detached from the atom. Such.an atom,
having ““lost ” a negative charge, is termed
a positive ion. The electron so stripped off

may attach itself to a neighbouring atom

which then becomes a negative ion. The
process whereby atoms are caused to lose
or gain electrons is termed ionisation.
During the time that an electron remains
unattached to any atomic system it is termed
a free electron.

Conductors and Insulators

14. A conductor is a substance in which
there is a constant random movement of
free electrons between atoms. Pure metals
are good conductors, silver being the best
and copper ranking second.

15. An insulator is a substance in.which
there is practically no random movement
of free electrons. In this case, the outer
orbital electrons are tightly bound to their
parent nuclei and will not normally break
away. Examples of good insulators are dry
air, rubber, mica, ebonite, and porcelain.

ELectric CUrreNT, E.ML.F. AND . P.D.

16.- No. rigid line can be drawn between
conductors and insulators. ‘Copper is.:a
very.good conductor ; mica is a very good
insulator. Between these extremes lies a
group of materials which are neither good-
conductors nor good insulators. - Some of
these materials  are termed semi-conductors.
and have important special propertxes which
will be dealt with in Section 8.

[GOOD _CONDUCTORS |

_ SILVER
COPPER |
IRON , i
“TIN '
————— ‘ . » "
-ooTC [POOR CONDUCTORS | .
" GERMANIUM :
SILICON [SEMI__CONDUCTORS |
TELLURIUM
TITLTI - [PGOR n;xsuus'TonsJ
BAKELITE , L
GLASS b
- MICA ‘ ; :
 RUBBER {GOOD__INSULATORS]

Fig. 3.—CONDUCTORS AND INSULATORS:

Electric Current

17. An electric current is an average move-
ment of electric ¢charges through a material
in one general direction. The electric charges
can be electrons, ions, or both. For instance,
in a conductor under normal conditions there
is a continual random movement of free

& ] .\
v B @ Em|
,ER Ve ey
]~ =

RANDOM MOVEMENT - NO CURRENT

==y BB, !-—@
»:@_ g‘ =

+++++

CENERAL MOVEMENT — ELECTRIC CURRENT

[E9 = HEAVY POSITIVE IONS
@ = FREE ELECTRONS
Fig. 4—~CONDUCTION CURRENT
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electrons between the static atoms. This
does not constitute a current. Under certain
conditions, however, (such as that shown in
Fig. 4) the free electrons can be caused to
move through the conductor in one general
direction towards a point which is positive
and, therefore, attracts them. This con-
stitutes a conduction current, which occurs
in conductive circuits and in a vacuum,
e.g., in a thermionic valve.

18. By convention, thé direction of an
electric current is from positive to negative.
This was assigned as the direction of current
before the discovery of the electron and the
result is that a large number of electrical
laws are defined in terms of this conventional
current, notwithstanding the fact that elect-
rons move in the reverse direction in a
conductive circuit.

Effects of an Electric Current

19. The more important effects observed
when an electric current is flowing are :—

(a) The heating effect. A movement of
electrons through a conductor always
causes the conductor to become hot.
This effect is used in devices such as
electric fires, electric irons, electric lamps,
and fuses. Consideration must always be
given to the heat produced in radio
instruments by electric currents.

(b) The chemical effect. An electric cur-

rent through an electrolyte causes a change
in the chemical composition of the electro-
Iyte and of any electrodes immersed in the
solution. This effect is used in battery
charging and in electroplating.

(c) The magnetic effect. An electric cur-
rent through any medium always produces
a magnetic field (see Section 2). This
cause and effect are inseparable and are
put to use in devices such as electric bells,

relays, electric motors, and transformers.

Unit of Charge

20. The charge on an electron (or a proton)
is extremely small and is inconvenient for
practical measurements. The practical unit
of charge or quantity of electricity (symbol
Q) is the coulemb. A charge of one coulomb
is equal to the charge on 6-29 x 1018
electrons. This rather awkward figure arose
from the fact that the coulomb was assigned
as the unit of charge before the discovery of
the electron.

Unit of Current
21. The practical unit of current (symbol I)
is the ampere. If, in any circuit, the quantity
of electricity passing a given point in one
second is one coulomb, the current will be
one ampere. .
22. Since one ampere equals a rate of flow
of one coulomb per second :—
- Current, I amperes = ‘
Quantity or charge, Q coulombs’
Time, t seconds
ie. I = Q(Amperes) — — (1)
t

Constant and Varying Currents

23. The rate of flow of electrons in a
circuit (i.e., the current) can be in one of

- the following forms :—

(a) Direct current, d.c. An electri.c
current flowing continuously in one di-
rection at a steady rate.

(b) Pulsating current. An electric current
which flows in one direction but which
undergoes regular, recurring variations .
*in magnitude.

(c) Alternating carrent, a.c.  An electric
current which alternately reverses - its
"direction in a circuit in a regular manner.
One cycle is a complete variation as shown
in Fig. 5. The number of such cycles
occurring in one second is termed the
Jfrequency and is given in cycles per second
or c/s (see Sections 3 and 5).

CURRENT

(» D.C. T

AVAVA
o nn

(B) PULSATING CURRENT
.

CURRENT O \/ TIME

CURRENT

TIME

ONE.
~{Tevae T

(c) ac.

Fig. 5.—TYPES OF CURRENT
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Electrical Energy

24. When an electric current flows in a
conductor, the conductor becomes hot, i.e.,
energy is dissipated in the conductor in the
form of heat. Electrons during their passage
through the conductor collide with the
molecules and give up some of their kinetic
energy to them. The molecules, already in
a state of agitation, move faster and further
from one another. This results in both
heat and expansion of the conductor.

25. As energy can neither be created nor
destroyed, this heat energy must be derived
from some other form of energy—in this
case, electrical energy.

26. By conversion, electrical energy may
be obtained from other forms of energy.
The more practical methods are :—

(a) Chemical. The electric cell.

" (b) Thermal. Thermionic emission.

(¢) Electromagnetic. The electric gener-
ator.

(d) Thermo-electric. Thé thermo-junction.
(¢) Photo-electric. The photo-electric cell.

Electromotive Force (E.M.F.) and
Potential Difference (P.D.)

27. Consider a simple closed electric circuit,
such as a conductor connected between the
terminals of a battery. There are two
energy transformations going on concurrently.
Chemical energy is being converted to

electrical energy by the battery, and electrical

energy is being converted to heat energy in
the conductor. These two processes provide
the basis of two important ideas in the
description of electrical phenomena :—

(a) Whenever there is introduced in any
part of an electric circuit any form of

energy capable of being converted into

electrical energy, an electromotive force
(em.f.) is said to be acting in that cireuit.
Thus, in the simple circuit described above,
the battery supplies an e.m.f., as chemical
energy is there being converted to electrical
energy.

(b) If between any two points in an
electric circuit it is possible to convert
electrical energy into any other form, a
potential difference (p.d.) is established
between the two points. In the. simple

EvrLectric CURrReNT, E.M.F. AND P.D.

circuit described above, between any two
points on the conductor electrical energy
is being converted to heat energy ; there
is, therefore, a p.d. between any two
points on the conductor.

Unit of E.m.f. and P.d.

28. The unit of e.m.f. is the volt. The
e.m.f. of a supply is one volt if the amount
of energy converted into electrical energy
is one joule for each coulomb of electricity

passing.
E.m.f., E volts =
Energy or work, W joules
Quantity or charge, Q coulombs
i, E =W (volts) — — — (2)

Q

29. The unit of p.d. is the volt, The p.d.
between two points in a circuit is one volt
if the amount of electrical energy converted
into some other form is one joule for each

coulomb which passes between the two

points.
P.d., Vvolts =
Energy or work, W joules
Quantity or charge, Q coulombs
ie, V. = W (volts) — — — 3)
Q
Potential

30. For practical purposes the earth is
regarded as being electrically neutral (i.e.
zero charge). Any point having a deficiency
of electrons has then a positive potential
with respect to the earth ; between the two
a p.d. will exist. Conversely, a point having
a surplus of electrons has a negative potential
with respect to earth.

~ 31. Any point in an electric circuit can be

taken as a reference point ; any other point
will then have a potential (either positive or
negative) with respect to the reference point
and a p.d. will exist between the two. In
Fig. 6 :—
(@) “A” is at a potential of one volt
positive with respect to “B”, and two volts
positive with respect to “C”. A p.d.
of one volt exists between “A” and “B”,
and two volts between “A” and “C”.
(b)) “C” is at a potential of one volt
negative with respect to “B”, and two
volts negative with respect to “A”. A p.d.
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of one volt exists between “C” and “B”,
and two volts between “C” and “A”
(0 “B” is at a potential of one volt
negative with respect to “A”, and one
volt positive with respect to “C”. Between
“A” and “B”, and between “B” and
“C” p.d.s of one volt exist.

A @-HV

c @-w

Fig. 6.—POTENTIAL AND POTENTIAL
DIFFERENCES

Expressions for Electrlcal Energy
and Power

32. Electrical energy is the ability or the
capacity of an electrical system for doing
work. The practical unit is the joule (see
Para. 6(e)). The work done when a charge
of Q coulombs moves through a p.d. of V
volts is given by equation (3) :—

. W = V.Q (joules)
" From equation (1) :—
Q = Lt (coulombs)
By substitution :—
W = V.It (joules) — — (4)

33. - Electrical power is the rate at which
work. is done. The practical unit is the
watt—the rate of working when one joule
of energy is transformed per second. Thus
Power, P watts =
Energy or work, W joules

Time, t seconds

ie,P= W =V.ILt. =V.I (watts) (5)
T Tt

34. From Paras. 32 and 33 it is seen that if
a current of one ampere is established in a
circuit where the p.d. is one volt, a power of
one” watt is developed. If this condition is
maintained for one second, the energy
expended is one joule.
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RESISTANCE AND OHM’S LAW

Introduction

1. Chapter 1 has shown that when a source
of e.m.f. is acting in a circuit such as to
cause a p.d. to be developed across-a con-
ductor, a current is established in that
conductor. It is now necessary to find the
relationship between the current in the
conductor and the p.d. across it.

CURREN'I; I AMPS

EM.FE

E VOLTsS T . P.D. V VOLTS

AAAAAAAA
VWV

CONDUCTOR 1

Ohm’s Law

2. This states :—
“In any given conductor, provided the
temperature remains constant, the ratio
of the p.d. across the conductor to the
current established in the conductor is a
constant.”

__P.d., V volts
Current, I amperes

Thus : = Constant

.V
e, = Constant — — (1)
3. Ohm’s law is a linear law,—i.e., plotting

a graph of current in the conductor for

CURRENT
I AMPS

P.d.V VOLTS

Fig. 2—GRAPH TO SHOW OHM'S LAW

various values of p.d. across it resuits in a
straight line through the origin. Fig. 2
shows such a graph for two different con-
ductors.

In graph (@) :—

—= Constant = 1

I
In graph (b) :—
1= Constant = 2

4. Any material which gives a linear graph
through the origin as in Fig. 2 is said to
obey Ohm’s law. Any device which does
not obey Ohm’s law is termed a nom-linear
device,—e.g., a thermionic valve.

Resistance

5. The constant of Paras. 2 and 3 is termed
the resistance of the conductor (symbol R).
The unit of resistance is the ohm (symbol Q).
A conductor has a resistance of one ohm if
a p.d. of one volt across the conductor
establishes a current of one ampere. Equation
(1) can now be re-written :—

P.d., V volts
Current, I amps

i,y = R (ohms)

= Resistance, R ohms

- — -

Thus, if a p.d. of 5 volts across a conductor
establishes a current of 50 milli-amperes
(mA), the resistance of the conductor is :—

vV _ 5 _
R —-—I‘ = ”SO—XI()—_:;} = 100 ohms.
6. The resistance of a material varies from
a very low value for a good conductor to a
very high value for a good insulator.

Factors Affecting Resistance

7. The resistance of a material is directly
proportional to its length (1) and inversely
proportional to its cross-sectional area (a) :—

8. In this expression, s is called the resis-
tivity or the specific resistance of the material
and is defined as the resistance between the
opposite faces of a specimen of that material
of unit length and unit cross-sectional area ;
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\ ‘thatis, of unit cube. The value of @depends same current flowing through each resistor.

on the units chosen and is generally given - .

in ohms per cm. cube.

Temperature Coefficient of Resis-
tance. -

9. The resistivity (and hence the resistance)
of a material varies with - temperature.
The resistance of pure metals increases with
temperature rise, while the resistance of
insulators decreases. Pure metals change
more than alloys, some of which actually
decrease in resistance as the temperature
rises. The resistances of carbon and electro-
lytes decrease with a rise in temperature.
A material whose resistance increases with a
rise in temperature has a positive temperature

.coefficient ; those whose resistances decrease -

with a rise in temperature have negative
temperature coefficients.

10. For the purposes of calculation, the_

formula

~ Ry=R,(1 4at) ohms —_ — 4
is used, where R, stands for the resistance
at t°C, R, for the resistance at O°C and «
for the temperature coefficient taking O°C
as standard. -

Conductance

11. In direct current circuits, the conduct-
ance of a material (symbol G) is the reciprocal
of its resistance. The unit of conductance
is the mhe. "Thus :(—

h Cohductance, G =% (mhos) — — (5)

Resistors in Series

12. 'When a conductor is specially construct-
ed to provide resistance it is termed a resistor,
and as such is used extensively in radio.

..... A AMASA

I AMPS

v
VOLTS

Fig. 3.—RESISTORS IN SERIES

Resistors are .“in series ” when they are
connected end to end in such a manner that
only one path is provided for the current, the

This: is.shown in Fig. 3.

13. The p.d. across each resistor is obtained
by applying the general formula for Ohm’s
law, i.e.,, V = LR (volts). From this it is
seen that the p.d. across individual resistors
connected in series is the same only if their
resistance values are the same. The total
resistance of several resistors connected in
series is the sum of the individual resistances:-

Rr =R, + R; + Rs +— (ohms) —(6)

. Resistors in Paraliel

14.. Resistors are ““in parallel ” when they
are connected in such a manner that they
provide alternative paths for the current, the
p.d. across each resistor being the same.
The current through each resistor will be the
same only if the resistors are equal in value.
This is shown in Fig. 4.

I R;
Iz R2
I3 Rq
\I amps
v
? VOLTS

Fig.. 4—RESISTORS IN PARALLEL

15. By applying Ohm’s law to the circuit
it is found that :—
11 1 1 ’

R RTRTRE T 0
i.e., the reciprocal of the total resistance is
the sum of the reciprocals of the individual
resistances ; the total resistance is always less
than the smallest individual resistance.

16. Since conductance is the reciprocal of
resistance in d.c. circuits, equation (7) may
be written :—

Gy = G+ G; + G; + (mhos) — ®

Resistors in Series-Parallel
17. The procedure for solving a - circuit

consisting of combinations of resistors in .
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series and parallel is to reduce any parallel
combination to a smgle equivalent resistance,
and add to any resistance which may be in
series in that arm, repeatmg the procedure
as necessary.

Internal Resistance

18. When a current of I amperes flows
through a re31stance of R ohms, a p.d. or

“volts drop ”, given by V = L R (volts) is
developed across the resistance. Any source

of supply (e.g., a battery) must have some
 internal resistance ” and when a current
flows in the circuit a volts drop is developed
across this internal resistance.

19. In the circuit shown in Fig. 5, the
internal resistance of the supply is 0-5 ohms.
The total resistance is —
Rr =R;+ R; =054 55 =6 ohms.
E 12 - :
| —-ITT——K—2amps.
This current flows through the two resist-
ances in series developing a volts drop across
each. The volts drop across the internal
resistance is :—
V=ILR =2x 05 =1 volt.

The polarity is as shown and is such as to
subtract from the e.m.f. of the supply. The
terminal p.d. of the supply across AB is,
thus:— .
12 — 1 = 11 volts.

The conclusion is that when a current is
taken from a supply, the terminal p.d. is less
than the e.m.f. by the volts drop developed
across the internal resistance of the supply.

I=2A

Fig. 5.—INTERNAL VOLTS DROP

Expressions for Power and Energy
20. It has been shown in Chap. 1 that :—

Energy, W = V.Lt (joules)
Power, P = V.I (watts).

RESISTANCE AND OEHM’S LAW
By substitution for V or I from Ohm’s law

rélations'hip%= R, other expressions for

energy and power are obtained :—

VZ

Energy, W = V.ILt = 2Rt =T{.t
(joules) — — — —©9)

V2

Power, P = VI = IZR = —&
(watts) — —_ - (10)

Maximum Power Transfer Theorem

21. This states :(—
“ Maximum power is transferred from a
source of supply to an external circuit
when the resistance of the external circuit
is equal to the internal resistance of the

supply .

 22. In the circuit shown in Fig. 6, to find

that value of load R for which maximum
power will be transferred from the supply
to the load :—

(@) LetR =20 ; thenRy =3 + 2 =50
E 12 -
| =R =5 = 2+4A

The power developed across the load
is —

P =1R = (2-49)2 = 11-52W.
(b) LetR =30 ; then Ry =3 + 3 = 60
12 :
I = = 2A

And P = (2)2 3 = 12W. :
(¢) LetR =4Q ; thenRy =3 + 4—79

12
I = = 1-7A
And P = (1:7)? 4 = 11-56W
sueeLY } ,
| INTERNAL
ng RESISTAN;E 'E R

1
I
[
i LOAD
|
|
|
!

Fig. 6—MAXIMUM POWER TRANSFER
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(d) A graph of the power P developed
across the load for several values of load
R is shown in Fig, 7. This proves the
theorem.

is.

MAXIMUM POWER
POWER,
PWaTTsI2L.
E s s s o \ ~.
| 1 I~
N e | ] |
| )
‘ | !

A\l / I
S | | |
1 I ] |
i ] 1 |
a I 1 1 1
; | | 1 |
1 | 1 |
[ I ] 1
1 1 1 "

o [ 2 3 4 s

RESISTANCE,

EQUALS R OHMS

INTERNAL
RESISTANCE

Fig. 7.—GRAPH TO SHOW MAXIMUM POWER
TRANSFER CONDITIONS

The Potential Divider

23. The fact that a volts drop is developed
across a resistance when a current flows
through it can be used to give a division of
potential in a circuit.

I T+36v
12 J:
a :»RI
>
&
[ ———
+l2v
v_| aov
= 6a SR2
.—_ﬂ'..a
2
2a 2R3
‘I
d
~-av

Fig. 8.—A POTENTIAL DIVIDER

24. Consider Fig. 8. The p.d. across each
resistor is found by applying Ohm’s law to the
circuit. Point ““c” is at earth potential. The
p.d. across Rs is 4 volts, so that point “d” is
at a potential of 4 volts negarive with respect
to earth. Similarly point “b” is at a potential
of 12 volts positive with respect to earth.
Point ““a” is at a potential of 24 + 12 =36

RESTRICTED

volts positive with respect to earth. These
potentials can be applied to various parts
of a system. In any potential divider of this
type, the p.d. across any resistor R is :—

_ Totalpd. xR~ VxR
® " Total Resistance ~  R;
(volts) — — — — (1)

KIRCHHOFF’S LAWS

Kirchhoff’s Laws

25. Circuits which do not come within the
category of simple series or parallel circuits
can be solved by means of Kirchhoff’s
laws :—
(@) First Law. “ The algebraic sum of
currents meeting at any point in a circuit
is zero”. Thus, at any junction in a
circuit, the current entering that junction
must equal the current leaving it.
(b) Second law. “In any closed circuit,
the algebraic sum of the e.m.f.s is equal
to the algebraic sum of the p.d.s.” Thus,
if all the p.d.ss in a circuit are added
(with due regard to their polarity) the-
sum will equal the e.m.f. acting in that
closed circuit.

Application of Kirchhoff’s Laws

26. To demonstrate the method by which.
Kirchhoff’s laws are applied consider Fig. 9.

I A

Fig. 9.—APPLICATION OF KIRCHHOFF'S LAWS:

It may be necessary to find the current in.
the centre (6 ohms) arm. To obtain this,.
the sequence is as follows :—
(a)TApply Kirchhoff’s first law to the-
circuit and annotate the currents at various.
parts of the circuit. For instance, the-
current entering- A is I. This is also the
current leaving A so that if I, is established.
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between AC, the current established be-
tween AB is (I — 1,), since I, + (I —1,) =
I. By similar reasoning the currents
established at other parts of the circuit
will be as shown.

(b) Three unknown quantities I, I;, and
I, are thereby produced, and to obtain
the value of any one of them, three simul-
taneous equations are obtained and solved
in the usual manner.

(¢) To obtain such equations, Kirchhoff’s
second law is applied to three of the
closed circuits (one containing the battery
em.f). For instance, mesh ACB is a
closed circuit where the e.m.f. acting is
zero. The algebraic sum of the p.d.s
must, therefore,  be zero.. The correct
polarity of the p.d. across each resistor
must be observed, a minus sign indicating
that the p.d. is negative when taken
against the conventional flow of current.
Thus :— , o

311 -—'612——'5(1'—-11)2 0

.51 —8I,+61, =0
(d) A further two simultaneous equations
may be obtained in a similar manner by
considering circuits BCD and ACD (and
battery). The three equations are then
solved to give I, — the current in the
centre arm.

Wheatstone’s Bridge

27. The bridge arrangement of resistors.

shown in Fig. 10 is used extensively in radio

TH
>

Is Iz

Rt R2

®)

S/
GALVANOMETER

i<

I D
Fig. 10.—WHEATSTONE’S BRIDGE

for a variety of applications, including the

measurement of component values. The
principle of Wheatstone’s bridge is simple.
If there is no reading in the galvanometer

RESISTANCE AND OHM’S Law

(an instrument used to indicate that current
is flowing in a circuit) the bridge is said to be
“balanced ”. If no current is flowing
between B and C these points must be at
the same potential ; the current flowing in
the other branches will then be as indicated
in Fig. 10.

28. (@) For the points B and C to be at
the same potential, the p.d. across AB
must equal that across AC.
i.e., IIRIA = 12R2
L _Ry -
LR~ — O
(b) Similarly, the p.d. across BD must
equal that across CD. :
i.e., Ile = 12R4
LR

L Ry - - - ®
(¢) From equations (i) and (i) :—
L _ R _ R
I, R, Rg
SRRy
"R, = R, —_— - — (12)

This gives the condition under which the
bridge is balanced.

29. The normal arrangement in a Wheat-
stone’s bridge used for resistance measure-
ment is for two resistors (say R; and Ry)
to be fixed and known in value ; R;, say,
to be variable and calibrated ; R, is then
the unknown resistor whose resistance is to
be measured. For adjustment, R is varied
until there is no deflection in the galvano-
meter. The bridge is then balanced and
from equation (12) :—
_ Ry R;
R,

30. In a Wheatstone’s bridge, at balance,
there is no p.d. across BC for any voltage
applied across AD. The converse is also
true. In either case, however, a p.d. is
developed across any single resistor in the
bridge. These facts are used in practice
where it is required to prevent two voltages,
which feed into a common circuit, from
affecting each other.

R, (ohms).

Maxwell’s Circulating Currents

31. In the c¢ircuit shown in Fig. 11, two
currents I; and I, are assumed to flow in a
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24v]

F E D

24v]

clockwise direction round each loop. Kirch-
hoff’s second law is applied to each loop and

the simultaneous equations so obtained

are solved to give the required result.

The Superpositidn Theorem

32. With this theorem, each battery is
considered to be short-circuited in turn
and two separate calculations are made by
applying Ohm’s law to each circuit.. The
separate answers are then superposed to
give the final result. Fig. 11 can be redrawn
in accordance with the superposition theorem
to give Fig. 12. ' :

8 C_
6a —2Y
4a |
E D
(A)==--===~- Foee e (1)

Fig. 12.—THE SUPERPOSITION THEOREM
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RESISTOR CONSTRUCTION

Introduction

1. A modern radar equipment may contain
"~ as many as 5,000 resistors, each used for a
specific purpose such as to provide a p.d.
from a current flowing through it, or to
form part of a potential divider network.

2. Values of resistance from a fraction of
an ohm to several million ohms are used.
Methods of resistor construction include :—

(a) Carbon composition type.
() Cracked carbon film type.
(¢) Wire-wound type.

(d) Metal film type.

Carbon Composition Resistors

3. The method of construction of this type
varies considerably. The following method
is typical :—

Powdered carbon dust with a filling
material and a binder of resin, are mixed
together, moulded to shape, and then fired
at a high temperature. The resultant com-
position rod forms the resistor whose
resistance varies according to the carbon
content. Connection is made to the resistor
either by metal caps clamped at each end of

the rod, or by wires firmly wound round

the ends of the rod. The resistor is then
varnished, or placed inside a ceramic tube,
and colour-coded.

4. This type of resistor has a very poor
stability. The resistance value varies con-
siderably with temperature, load, and even
with shelf life. Consequently, it can only
be used where a quite large change in re-
sistance is of no importance to the operation
of the equipment. In addition, the power
that can be developed in this type of resistor
is relatively small (of the order of 2 watts).

Cracked Carbon Film Resistors

5. In this type, a hard carbon film is de-
posited on to a ceramic rod and the required
resistance obtained by cutting a spiral track
through the film. This rod is then varnished,
or placed inside a ceramic tube, and colour-
coded. The stability in this type is much
better than that in the carbon composition .

type.
Colour Code

6. (a) The colour code used to indicate the
resistance value on carbon composmon
and cracked carbon film types of resistors
is given in Table 1. Two of the more
common methods of marking the res1stor
are shown in Fig. 1.

1st Band 2nd Band 3rd Band 4th Band,
Colour or Body, or Tip, or Spot,
Ist Figure 2nd Figure Multiplying Tolerance
Factor
Black 0 0 1 —
Brown 1 1 10 + 1%
Red 2 2 100 + 2%
Orange 3 3 1,000 + 3%
Yellow 4 4 10,000 ot 4y
Green 5 5 100,000 —
Blue 6 6 1,000,000 —
Violet 7 7 10,000,000 —
Grey 8 8 — —
White 9 9 — —_
Gold — — 0-1 + 5%
Silver — — 0-01 + 10%
No Colour — — — T 209

TABLE 1—COLOUR CODE
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BODY

o B e
Tip Spor TOLERANCE
IST. BAND 3RD. BAND '

2ND. BAND
Fig. |.—COLOUR CODING
Example. (i) Body = Yellow (4)
Tip = Violet (7)
Spot = Orange (3)

*. Resistance = 47,000 + 20%, (ohms)

(ii) 1st Band = Blue (6)
2nd Band = Grey (8)
3rd Band = Red (2)

4th Band = Gold
. Resistance = 6,800 -+ 59 (ohims).

(b) The accuracy of a resistance value is
indicated by a tolerance marking as
shown in Fig. 1. ~ Because a tolerance of +
20 / is more common in carbon com-
position type resistors, manufacturers pro-
duce a limited range of resistors which,
by the tolerance variation, can cover the
whole range of resistance, e.g., 10, 15,
22, 33, 47, 68, 100 (all + 20%). These
are known as ¢ preferred values .

Wire-Wound Resistors

7. In this type, wire of nickel-chrome or -

copper-nickel is wound on a ceramic former.
These wires have a high resistivity and the
small amount of wire required for a parti-
cular resistance gives a resistor of reasonable
size. In addition, the temperature coeffi-
cient of resistance is low, and- therefore
resistivity remains fairly constant with
variations in temperature. This type has
the best' stability characteristics. The re-
sistor is finished with a coating of vitreous
enamel so that high temperatures will not
oxidise the wire. The value of resistance
in ohms is stencﬂled or stamped on the
resistor. .

8. Wire-wound resistors suffer from the
disadvantage that the wire is wound in

the form of a coil and, unless special pre-
cautions are taken, they may be unsuitable
for many apphcatlons in radio (see Sect. 2,
Chap. 4). :

" Metal Film Resistors

9. These combine the stable characteristics
of the wire-wound type with the simplicity
of the cracked carbon film type. The
metal film type resistor is comstructed as
follows :—
(@ A thin film of platinum-gold com-
pound is coated on to a glass plate or tube.

() This is fired to about 400°C. -

(¢) The resistance value is adjusted by
etching a spiral track through the film.

(d) The resistor is then fired to about
700°C. to give in effect, a wire-wound
resistor with each individual * wire”
bonded to the glass base.

(¢) The whole element is finally sealed in
an outer tube which gives complete
protection from the atmosphere and ensures
the long term stability of the resistor.

Variable Resistors

10. These are termed rheostats and potentio-

meters.
(a) A rheostat is a variable resistor which
is inserted in series with other devices in
a circuit. Its value can be varied to alter
the current in the circuit. It has only two
connections, as shown in Fig. 2.

I RHEOSTAT

OTHER
DE VIICES

Fig. 2—USE OF A RHEOSTAT.

(b) A potentiometer is a variable resistor
arranged in such a manner that a certain
proportion of the applied voltage can
be “tapped off” for application to
another part of the circuit. A typical
use is as a volume control in a radio
receiver. The potentiometer has three
connections. It is seen from Fig. 3 that
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V; is variable between 0% and 1009 of
E.

I

POTENTIOMETER

Vi OTHER
l DEVICES

Fig. 3.—USE OF A POTENTIOMETER

(c) Variable resistors are constructed as

carbon composition, cracked carbon film,
or wire-wound types depending on the
stability and power requirements. A po-
tentiometer consists of an incomplete ring
(either wire on a ceramic former, or a
carbon track) the ends of which are taken
out to two terminals, A wiper arm,
operated by a shaft, bears on this ring
and is connected to the centre terminal.

REsISTOR CONSTRUCTION

As the wiper arm is moved, the resistance
value between either of the end terminals
and the centre terminal is varied. The

. whole is enclosed in-a sealed bakelite or
metal container.

RESISTOR OR
CARBON  TRACK

SHAFT

v TERMINALS
Fig. 4—CONSTRUCTION OF A POTENTIOMETER

Summary of Resistors

11. The main characteristics of the resistors
discussed in this Chapter are given in Table 2.
Fig. 5 shows a selection of these resistors.

Wattage .
Type Rating Resistance Remarks
Carbon LW to 3W. 10Q to 25 M Q| Used in low power circuits, at all
Composition, - frequencies, where stability is not
fixed. important.
Cracked W to 2W 100 to 1I0MQ. | Used in low power circuits where

Carbon Film,
fixed. :

greater stability is required.

Wire-wound,
fixed.

(a) Precision W to 3W

0-10 to5MQ | Used in circuits where reliability
- (b) Power IW to 300W 0-5Q to 400kQ | under all conditions is necessary and

Used in low power circuits where
consistent accuracy in critical appli-
cations is essential.

where a high dissipation of power
is to be achieved..

Metal IWto2W |1otol MQ Used in low power circuits where

Film, fixed.

greater stability is required than that
obtainable with a cracked carbon
resistor. This type is smaller than
a wire-wound resistor of comparable
ohmic value. '

TABLE 2—COMPARISON OF RESISTORS
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Wattage

Type Rating Resistance Remarks
Carbon 1W to 2W 10Q to 2M Q Used in low power circuits where |
Composition, stability is not important. ,

variable.

Wire-wound, IW' to 100W 1Q to 100k Q Used in circuits whefe a good |
variable. stability is required or where a high
dissipation of power is to be achieved. |

TABLE 2—COMPARISON OF RESISTORS

r————wme-wouno RESISTORS (leao)—;

e S

62k lOOW

4.7M0 2w

20kn .5W

Fig. 5—TYPICAL RESISTORS USED IN RADIO
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RESISTOR CONSTRUCTION

v

r——— POTENTIOMETERS —+

INTERNAL

CARBON INTERNAL

WIRE-WOUND

TYPICAL EXTERNAL

FIG. 5—TYPICAL RESISTORS USED IN RADIO
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AP. 3302, PART 1

STANDARD TECHNICAL TRAINING NOTES
FOR THE
RADIO ENGINEERING TRADE GROUP (FITTERS)

FOREWORD

1. These Notes are issued to assist airmen
and apprentices under training as Fitters in
the Radio Engineering Trade Group. They
are not intended to form a complete text
book, but are to be used in conjunction with
lectures and demonstrations given at the
Radio Schools. They are also intended to
assist airmen on continuation training at

. other R.A.F. establishments.

2. There are four broad classifications in
the advanced (Fitter) trades of the Radio
Engineering Trade Group :—
(a) Air Radar Fitter. Employed in the
servicing of all types of aircraft radar
- equipment (where servicing implies in-
spection, repair, re-conditioning, and modi-
fication).
(b) Air Wireless Fitter. Employed in
servicing aircraft radio communication
and inter-communication equipment, speci-
fied navigational aids, and miscellaneous
wireless equipment.
(¢) Ground Radar Fitter. Employed in
servicing all types of ground radar equip-
ment. :

(d) Ground Wireless Fitter. Employed in
servicing all types of ground comrhuni-
cation equipment. -

" Note. The term “Radio Fitter” signifies

an airman who has dual (Wireless and
Radar) -qualifications.

3. Before the duties described -in Para. 2
can be carried out, a “thorough knowledge of
the electrical and radio principles, and the
elementary mathematics appropriate to the
theory of the specified equipment in the
trade” is required (see A.P. 3282A, Vol. 2).
These Notes are in six Parts.” The first four
Parts deal with the theory, the basic prin-
ciples, and the practice of radio to the
standard demanded of the Radio Fitter
Trades. Parts 5 and 6 give a summary of
the equipments which the Fitter may meet in
practice. These latter Parts are not in-
tended to supersede existing Air Publications
which should be  consulted on specific
equipment as necessary. : '

4. These Notes can only be issued on tém-
porary loan to each trainee ; they must be

handled with care and returned at the end =

of the course. A number of copies will

also be available in Royal Air Force refer-

ence libraries ; these may be issued, as
required, to airmen on continuation training.

5. No alteratjons to these Notes may be
made without the authority of official Amend-
ment Lists which will be issued from time to
time.
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. AP. 3302, PART 1

LIST OF AIR PUBLICATIONS ASSOCIATED WITH THE TRADE

Principles and Techniques

AP. 1093 R.AF. Signal Manual, Part 2 (Radio Communication)

A.P. 1093E Interservices Radar Manual—Radar Techniques

A.P. 1093F Radar Circuit Principles, with Aerials and Centimetric Techniques
A.P. 1093G Radio Circuitry Supplement

A.P. 1093H Suppressed Aerials

A.P. 1186V  C.V. Register of Electronic Valves

A.P. 2521A V.H.F. Ground Station Aerial Systems

A.P. 2867 » Interservices Standard Graphical Symbols

A.P. 2867A Interservice Glossary of Terms used in Telecommunications

A.P. 2867B Interservice Glossary of Terms used in Telecommunications (Radar)
A.P. 2878C H.F. and M.F. Aerials for Ground Stations v

A.P.2900C Handbook of Electronic Test Methods and Practices

A.P. 3158C R.A.F. Technical Services Manual

A.P. 3214 (Series) The Services Textbook of Radio.

Equipment

Air Publications applicable to specific radio equipment are listed in:—
AP. 2463  Index to Radio Publications '

INSTRUCTIONAL FILMS

Title Reference
Current of Electricity .. .. .. .. .. e .. 14L/52
Nuts and Bolts .. . .. .. .. .. e .. .. 14L/178
Micrometer Calipers =~ .. .. .. .. . .. .. .. 14L/273
Vernier Scale .. .. . .. .. S .. - .. 14L/413 -
Hammers, Chisels, Punches and Drifts .. .. .. .. .. .. 14L/1605
Files and Filing . .. .- .. . .. .. .. .. 14L/1606
Spanners, Screwdrivers and Pliers .. .. .. .. .. .. 14L/1636
Taps, Dies and Reamers .. .. .. .. .. .. .. .. 14L/1727
Hacksaws, Shears, and Vice Clamps .. .. .. .. .. .. 1411728
Locking Devices .. .. . e .. .. . .. 14L/1729
Measuring and Marking—Precision Instruments .. .. .. .. 14L/1730
Transmission Lines—Maintenance of Coaxial Cables .. .. .. .. 14L/3280

141,/3288

" Transmission Lines and Waveguides .. ..
This leaf issued with A.L. 13
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Title ' Reference
Vacuum Tubes—Electronic Diode .. .. . .. .. .. 14L/3953
Cathode Ray Tube .. .. .. .. co s .. .. .. 14L/4268
Electricity and Magnetism .. .. .. .. .. .. .. .. 14L/4708
Magnetism .. .. .. ee e e e e .. .. 14L/5557
Electrical Terms .. .. e e .. .. .. .. .. 14L/5607
What is Electricity? . 1au5609
Electricity and Heat .. . .. .. .. .. .. .. 14L/5610
Electricity and Movement .. . .. .. .. .. .. .. 14L/5611
Electrochemistry .. .. . .. .. .. .. .. .. 14L/5612
Putting Free Electrons to Work .. .. .. . .. .. .. 14L/5614

-A.C. and D.C. .. . .. .. .. .. .. .. .. 141/5615
The Generation of Electricity .. . .. .. e .. 14L/5616
The Transmission of Electricity .. .. . .. e .. 14L/5617
Aircraft First Line Servicing .. .. .. .. .. .. .. 14L/5656
Audio Oscillator .. . .. e .. .. .. .. 14L/5666
Volts—Ohm Meter Operation .. i .. .. .. .. .. 14L/5667
Radio Shop Technician .. .. e - .. iy .. 14L/5668
First Line Servicing, Fighter Aircraft .. .. . .. .. .. 14L/5768
Radio Antennae Fundamentals, Parts 1 and 2 .. . . k. . .. 14L/5780-1
RD.F.toRadar .. .. .. .. .. .. .. .. .. 14L/5826
Waveguides, Parts 1to 5 .. AU .. .. .. .. .. 14L/5958-5962
Tuned Circuits ‘e .. .. .. .. .. .. .. .. 14L/6037
Ground Handling of Aircraft .. .. .. .. .. . .. 14L/6338
The Doppler Principle in Airborne Navigation Aids .. .. .. 14L/6388
Centimetric Oscillators, Parts 1 to 3 .. .. .. .. .. .. 141./6397
Servomechanisms .. .. .. .. .. .. .. .. .. 14L/6435
Radar Techniques, Part 1—Waveform Response of C.R. Circuits .. .. 14L/6500
Radar Techniques, Part 2—Multivibrator .. .. .. .. .. 14L/6502
Radar Techniques, Part 3—Miller Timebase .. .. .. .. .. 14L/6504
Radar Techniques, Part 4—Pulse Forming by Delay Lines .. .. .. 14L/6506
Radar Techniques, Part 5—Flip Flop ‘. . .. . .. .. .. 14L/6508 .
Problems of Radio and Electronic .Fault Finding .. .. .. .. 14L/65%4

Principles of the Transistor 14L/6620
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INSTRUCTIONAL FILM STRIPS

Title
Primary Cells
Time Constant
Distribution of Electricity ..
Electricity—its Production ..
Uses of E1ectr1c1ty
Radiation
Thermionic Valve
Electrical Measuring Instruments . .
The D.C. Motor .. .. ..
Basic Radio Trouble-shooting, Parts 1 to 5
The Internal Combustion Engine
Elementary Principles of Cathode Ray Oscﬂlograph
The Cathode Ray Tube
Magnetism and FElectricity . .
Waveguide Theory ..
Waveguide Theory .. ..
Introduction to Control Engineering Theory
Introduction to Electronics. . .
Electronic Devices—Electron Tubes
Basic Valve Circuits, Parts 1 to 4 ..
The Meaning of Valve Characteristics

Telecommunication Principles
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Reference

143 /154
14J/155
14J/194
143/195
14J/196
14J/197
143/198
143/203
143/204
14J/239-243
143/369
14J/370
14J/404
141/407
14J/495~511
141/512-517
14J/578
143/586
14J/587
14J/588-9
143/590
14J/606
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A.P. 3302, PART 1

STANDARD TECHNICAL TRAINING NOTES FOR THE RADIO
ENGINEERING TRADE GROUP (FITTERS)

LAYOUT OF A.P.

Part 1 .. .. .. .. .. .. .. ELECTRICAL AND RADIO

: FUNDAMENTALS

Part 2 .. .. .. .. .. .. .. Wireless Techniques

Part 3 e .. .. .. .. .. Radar Techniqueé

Part 4 e .. .. .. .. .. .. Technical Practice and Organisation
Part 5 .. .. .. .. .. .. .. Airborne Radio Equipments

Part 6 .. .. .. .. .. .. .. Ground Radio Equipments
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A.P. 3302, PART 1

LIST OF SYMBOLS AND ABBREVIATIONS

TABLE 1
Greek Letters Used in the Text

Letter Letter
Small Capital Name Small Capital Name
o — | Alpha | A — Lamda
B — Beta @ » — Mu
y — Gamma ™ — Pi
3 A Delta p — Rho
€ — Epsilon T — Sigma
7. — Eta ¢ > Phi
0 —_— Theta o Q Omega
K —_— Kappa
TABLE 2
Meaning of Symbols Used in the Text
Letter Meaning Letter Meaning
A Ampere, Amplification i Instantaneous current
j Vector operator=4/_; "
B Magnetic flux density, Susceptance, :
Bandwidth k Coupling factor, Kilo—(prefix)
C Capacitance 1 Length
Electric flux density, Distance m Modulation factor, Metre, Mass,
: : Milli—(prefix)
Electromotive force, Electric field
strength n Number
F Farad, Factor P Pico—(préﬁx)
G Conductance q Instantaneous charge
H Magnetic field strength, Henry r Length (in polar co-ordinates)
I Electric current r; Anode slope resistance

(continued overleaf)
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(continued overleaf)

if
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J Joule ] Second
L Iriductance t Time, Temperature
M Mutual inductance, Mega—(prefix) u Velocity
N Number, Noise factor v Instantaneous potential difference
P Power X Distance, Length
Q Quantity or charge of electricity, y Length
Coil amplification factor
: a Angle, Number
R Resistance
B .Number
S Magnetic reluctance :
, Y Propagation. constant
T Temperature (Absolute), ,
. .| Period, e ) Small . increment
Transit Time
: € Base of natural logs = 2-71828
\'% Potential difference, Volt, Volume ‘ -
: ‘ 7 Efficiency
W Energy or work, Watt
0 Angle
X Reactance
K - Dielectric constant
Y Admittance '
Ko Permittivity of free space
z Impedance -
A Wavelength .
a Area
: " Permeability, Valve amplification
c Velocity of light, Cycle factor
e | Instantaneous e.m.f., Electron charge w | Permeability of free space
f Frequency e Relative permeability
g, | Valve conversion conductance T Ratio of circumference to- dia-
meter of a circle = 3:14159
n Valve mutual conductance

Specific resistance

Angle

&l e |9

Magnetic flux

€

Angular velocity = 2rf '

Ohm
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TABLE 3

Prefixes for Multiples and Sub-multiples

Multiple or sub- Name | Prefix Multiple er sub- Name Prefix
multiple multiple
1,000,000 = 108 Mega- M 1 1 8 .
, ‘ 1,000,000 — 105~ © Micro- »
1,000 = 103 Kilo- k _

1 1 s | 1 0 Micro-micro- e
o1 e 102 = or or
fooo = foe — 10 | Ml | m Pico P

TABLE 4
Abbreviations of Units

Unit Abbreviation Unit Abbreviation
Ampere A Henry H
Ampere-hour Ah Joule J
Cyclesb per second c/s Metre ‘m
Decibel db Ohm Q
Degree o Second S or sec.
Electron-volt eV Volt v
Farad F Watt W
Gramme g

.
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